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Introduction

During  the last two years, many different analog-to-digital
converters (ADCS)  from different rnanufi~cturers  have been total
dose radiation tested and electrically characterized. Because
these high-speed, high resolution ADCS are critical parts in a
digital signal processing or data acquisition system, the evahr-
ation of performance in the early design phase is very important.
However, the electrical characterization test set-up is complex
and time consuming, and requires expensive high-speed n~ixed-
signal test systems with delicate handling and care. For ex-
ample, the dynamic range of a 16-bit ADC is between 120-130
dB. Setting-up an electrical characterization test system with a
noise floor below this level is a challenge and requires a
tremendous effort.

This paper discusses techniques to test and evaluate total
dose radiation on high-resolution successive-approximation
converters that eliminate the need to test each individual bit or
transition. With a few critical parametric measurements, one
can determine an approximate radiation failure level for the
converters, that will provide a good approximation of the
converter response for total dose radiation evaluations and
significantly reduce testing costs.

ADCS from three different manufacturers are discussed in
this paper. l’hey are designed and fabricated with commercial
BiCMOS and CMOS processes. The 16-bit converter is de-
signed by Crystal Semiconductor, the 14-bit converter is from
Analog Devices, and the 12-bit converters are manufactured by
Maxim. All three devices use much higher power supply
voltages than digital CMOS, and consequently they have much
thicker gate oxides, which adversely affects their radiation
hardness.

As converter designs have evolved to increase resolution,
speed, and accuracy, their radiation tolerance has diminished.
I’he total dose radiation failure level for 12-bit converters was
about 8 krad(Si), the 14-bit converter was about 4 krad(Si),  and
the 16-bit convcrtcr was 2 krad(Si).  Even though newer designs
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have much smaller steps between successive bits, the failure
modes are generally rnorcglobal,  and can be detected without the
extreme accuracy required to reduce single LSB errors. When
a conver~er  fails functionally, some parameters can not even be
measured, Therefore, it is also important to check the converter
functionally. This musl  be done over the entire voltage range,
but can be limited to major code transitions.

Each converter has its own characteristics to fit various
circuit applications and provides flexibility for many design
applications. The three converters use different architectures.
The 16-t)it device is an unusual design that uses an internal
microprocessor and error register to provide self-calibration of
first-order inaccuracies. A simplified functional block diagram
is show~l in Figure 1. In addition to the microcontroller and
calibration circuits, this device uses a switched-capacitor digi-
tal-tcl-anaiog converter (I)AC).  Although one would expect this
approach to improve total dose radiation hardness, this device
was by far the most sensitive to total dose degradation.

The 12-bit converters have an internal reference voltage and
clock along with conventional digital subfunctions such as SAR,
control and timing logic. They are fabricated with a BiCMOS
process.

Testing l’cchniques and ‘lest Results
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Recently, a radiation test of Crystal Semiconductor’s 16-bit
A/D converter, CS5016 was completed for the JPI. Cassini
project. The converter is fabricated with a 3 pm CMOS process
with a total power sLIpply voltage of 10 V, tlowever,  the analog
input range is only 4.5 V in unipolar mode resulting in an LSB
of 68,7 IIV. It uses a switched capacitor based architecture, with
internal microprocessor control and erlor calibration. Most
other ADCS use a laser trimmed thin film technology with a
ladder network based on current sources.

Despite the internal self-calibration circuitry, the converter
failed functionally and parametrically at very low total dose
levels when tested at a high dose rate of 50 rad(Si)/sec.  Convert-
ers recovered both functionally and parametrically during a
room temperature (25 “C) annealing test and did not show any
rebound during a high temperature (100 ‘C) annealing test.

A histogram based test was setup to measure the converter
linearity. I’he histogram test is a statistical method of deriving
the converter’s differential nonlinearity (DNL). A spectrally
pure sinewave along with an active low pass filter was applied
at the input of the converter. Only one million samples were
taken due tothc limited radiation test time period, but it provided
enough information about the 16-bit converter performance. In
this test, a code with more or lCSS occurrences than average
appears as a DNI, greater or less than zero I.SB.

Using this approach, l)NL failed below 5 krad(Si) as shown
by the large number of missing codes in Figure 2. DNI, errors
in successive-approximation A/I) converters arc caused by bit
weighted errors and comparator dynamic errors. In this self-
calibrating converter, the comparator dynamic errors are the
major factor in I)NI, errors. The comparator does not have
enough time to settle during each bit decision making process in

I:igurc 2. DNl. Degradation of 16-bit A/I) Converter
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Fipure 3. Power Supply Current (Spec. Max =- 25 mA)
of 16-bit A/D Converter

the successive-approximation algorithm, l’he worst-case codes
for comparator dynamic errors are the major transition codes,
especially at the half of the full scale codes.

Power  supply current exceeded the specification limit at 10
krad(Si).  Figure 3 shows the power supply current degradation;
its specification limit is 25 mA. Devices functionally failed at
15 krad(Si),  This data indicates that the converter is extremely
vulnerable to total dose irradiation. The data was taken with a
lest set-up using an internal clock.

A rcjerence voltase is one of the most critical parameters in
A/D converters because the reference voltage sets the gain of the
convertet  stage since the digital output should correspond to the
ratio of the analog input signal to the reference voltage. An
external leferencc Voltap,c of4.5  V is required for operation of
the CS5(I  16 and it passes through an internal CMOS buffer
amplifiet  and fed to the internal 16-bit I) AC. The CS5016 uses
several (’MOS buffers, and the offset of the buffer can be
measurecl  with the standard pinout of the circuit (see Figure 1).

The value ofthc  voltage at the output of the buffer amplifier
was measured during radiation and it degraded severely enough
to cause the converter to fail functionally as shown in Figure 4.
Note that significant c}langes begin to occur at approximately 2
krad(Si),  an extremely low level. q’his maybe due to threshold
voltage changes in the buffer amplifier. Note that similar buffer
amplifiels are used in the analog input and analog ground paths.

I’he reference volta~,e of an A/D convctter  must be cx-
trcrncly  stable and precise. “l’he internal buffer amplifier in the
CS5016 was designed to help the robustness of an external
reference voltage. 1 Iowcver,  the result was a severely degradecl
refercncc voltage after irtacliation because of the large offset in
the buffer. It was the largest degradation in the converter’s
performance mcasurcmetlts.

Once an external rcfcrcnce voltage is applied to the con-
verter, internal capacitors in the calibrated capacitor array of the
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Figure 4. Vref  Buffer Output Voltage Degradation
of 16-bit  A/I) Converter

converter switch from the reference voltage to the analog
ground level, due to the SAR algorithm. The same CMOS
amplifier is used in the internal analog input, analog ground,
and comparator circuitry. The internal comparator connects a
critical path between the output of the internal DAC and the
microcontroller. Degradation in the reference buffer amplifier
indicates that the other three application circuits will behave the
same way under total dose irradiation, and that will definitely
cause conversion errors and parametric failures for the con-
verter.

The 16-bit converter will be tested using l~ast Fourier
‘f ’ransform  (F’l;’f)  techniques to analyze the dynamic perfor-
mance. 1,OW dose rate testing with internal and external clock
applications will be also done for the full paper to compare the
results at a low dose rate with high dose rate results.

14-bi[  AIK (A[17872)

‘1’his device is a 14-bit analog-to-digital converter, fabri-
cated in 13iCMOS technology. It uses a conventional architec-
ture, with a comparator, internal reference, and successivc-
approximation register (SAR)  using a current-switch ladder
network.

The failure level in this device had an unusual dependence
on the clock mode. ‘1’otal dose data showed that SNR and
functional tests failed at 4 krad(Si) using an external clock.
When the internal clock was used, failure did not occur until 40
krad(Si).  ‘1’hcse  test results show that the usage of the internal
or external clock can dominate the total dose radiation failure
mechanism. The functional failure level of the converter can be
improved significantly, an order of magrlitude, using the inter-
nal clock rather than the external clock in a circuit application.

I’hc external clock bypasses the laser trimmed internal
clock oscillator, connecting the outpu[ of the clock circuit
directly with the internal CMOS comparator. The input cir-
cuitry of the cxtcrnnl  clock input of the converter uses a CMOS
analog switch to bypass the internal clock. ‘l”he on-characteris-
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Figure 5. lox DcSradation  of 12-bit BiCMOS  ADCS

tics of CMOS switches are oflen highly sensitive to radiation
degradation, which may explain the large difference in the
circuit hardness with different clock modes.

F;urther  study is planned to investigate the internal/external
clock circuitry of the converter for radiation sensitivity. A
localized irradiation test will be performed to analyze the
internal clock circuitry with delidded parts since it is not possible
to get test structures frotm the manufacturer.

12-bi(  AIJC (A4X7672/’MX674A)

I’hese devices are also t%bricated with BiCMOS  processes,
and use a conventional architecture. The CMOS devices have
thick gate oxides because of the 18 V voltage rating of these
parts. Ttlc MX674A has an internal reference voltage, which
exceeded the specification limit at relatively low total dose
levels. Otherwise, the response of the two devices were very
similar.

I’he tri-state leakage current, Ioz, is one of the most impor-
tant dc parameters and failed at early levels of radiation. lfthis
parameter is solely tested for radiation without any other para-
metric test setup, that wc)uld still give a very good indication of
the radiation failure level for the converter. The leakage current
in internol MOS transistors increases due to radiation because
the output stage of the converters are fabricated with CMOS
devices.

lhe 107. parametric failure is caused by oxide traps in the
output transistors for these BiCMOS  devices. The increase in
10Z with devices statically biased cluring radiation is shown in
the Figulc 5. I’hc rapid t-ecovery during an annealing time
period indicates that the total dose hardness is strongly affected
by the dose rate. [3]
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INenthough sett”ng up electrical parametric test for these
12-bit converters is simpler than the other two high-resolution
converters, it is not a trivial task. }Iowever, with the reference
voltage tmd Ioz measurements in addition to a functional test
(transfer curve) at major transition codes will be more than
sufficient for the radiation characterization on these converters.

Conclusions

}Iigh-speed,  high resolution A/D converters are one of the
key components in many new space electronic systems. Testing
such devices is a challenging task, especially radiation testing.
A simplified testing strategy is crucial for evaluation of these
converters within a projected budget ancl schedule.

A great deal of effort was expended to test these converters
to the limits of their precision and accuracy. }Iowever, small
changes in SNJ<,  lNI,, and DN1, were unimportant until other
more easily measured dc parameters exhibited substantial
changes. l’has, doing Icss elaborate tests ofdynarnic parameters
and linearities appears to be adequate, and will save consider-
able effort and cost, particularly for converters with high reso-
lution.

I’he 16-bit self-calibration converter, CS50 16 was designed
with the latest design technique to improve the performance of
the conveltcr.  }Iowever,  due to a basic monolithic CMOS
process fabrication, and the way that the circuit design is
implemented, it actually performs worse than the other two
BiCMOS process converters. Changes in the internal CMOS
devices are the dominant failure mode in this commercially
fabricated converter, even those fabricated with BiCMOS  con-
verters.

Finally, the dominant failure mechanism (typical CMOS
radiation failure modes) of internal CMOS devices for-low levels
of total dose irradiation is common in all converters from three \
different manufacturers. Therefore, a fcw parametric tests of
internal CMOS devices along with a minimal functional test are
the best solution for radiation characterization ofthcse  compli-
cated high resolution A/D converters. However, the large <
difference in failure levels of the 14-bit converter when the clock
mode was changed is a @w—&~~o%@  This will be further
investigated for the final pap~%’%~~fi 14- and 16-bit converters.
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