Comparison Study of Bulk and SOI CMOS Technologies based Rad-hard ADCs in Space

Feitao Qi, Tao Liu, Hainan Liu , Chuanbin Zeng , Bo Li, Fazhan Zhao , Jiantou Gao , Gang Zhang ,
Jiajun Luo* , Zhengsheng Han , and Zhongli Liu

Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, CHINA
Key Laboratory of Silicon Device Technology, Chinese Academy of Sciences, Beijing 100029, CHINA

*Corresponding Author's Email: luojj@ime.ac.cn

Abstract

The electrical and radiation characteristics of the bulk and
silicon-on-insulator (SOI) CMOS based rad-hard analog-to-
digital converters (ADC) in space are compared in this paper.
A 10bits monolithic, high reliability pipelined ADC with
25Msps conversion rate is presented as a prototype to exhibit
the benefits of radiation hardened by design (RHBD) and
radiation hardened by process (RHBP) approaches. The ADC
prototype hardened by RHBD is fabricated with 0.35um bulk
CMOS technology and radiation hardened SOI CMOS
technology with an identical technology node respectively.
The experimental results show that the SOI-based ADC
achieves the total ionizing dose (TID) tolerance of
300krad(Si), nearly one order of magnitude higher than the
bulk ADC, and the single event upset (SEU) cross-section of
9.6E-6cm*/device at 63MeV-cm’/mg linear energy transfer
(LET), lower than the bulk ADC by two orders of magnitude.
The SOI-based ADC is also better than the bulk ADC in the
electrical characteristics. It is more suitable for harsh radiation
environment applications.

1. INTRODUCTION

In the harsh space environment, the integrated circuits
within various electronic equipments often suffer from serious
degradation due to the radiation effects, which lead to
compromise spacecraft reliability [1,2] . As the interface
between analog and digital circuits, analog-to-digital
converters (ADC) are widely used in aerospace electronic
equipments, and its reliability has received more attention.
Radiation hardened silicon-on-insulator (SOI) CMOS
technology has many advantages comparing with bulk CMOS
technology, such as higher speed, lower parasitic capacitance,
smaller short channel effects, etc. Especially due to its
excellent capability of radiation hardness, the rad-hard SOI
CMOS technology is more suitable for space applications.

Until now, intense interest has been paid in the radiation
effects and hardened approaches of ADC [3-6], and the
transistor level comparison between SOI CMOS technology
and bulk technology is also studied extensively [7-10]. But
there is seldom research on circuit level comparison between
SOI CMOS technology and bulk technology for analog and
mixed signal circuits, especially for ADC in space. In this
paper, the electrical and radiation characteristics of the bulk
and SOI CMOS based rad-hard ADCs in space are compared.
A 10bits monolithic, high reliability pipelined ADC with
25Msps conversion rate is presented as a prototype to exhibit
the benefits of radiation hardened by design (RHBD) and

radiation hardened by process (RHBP) approaches. The ADC
prototype hardened by RHBD is fabricated with 0.35um bulk
CMOS technology and radiation hardened SOI CMOS
technology with an identical technology node respectively.
Both ADCs are tested under the same conditions and
environment for comparison.

This paper is organized as follows: section II introduces
the system architecture of the pipelined ADC prototype,
section III describes the circuits design of the ADC prototype,
the RHBD and RHBP approaches are provided in section IV,
section V shows the experimental results and discussion on
electrical and radiation characteristics, followed by a brief
conclusion in section VI.

II. SYSTEM ARCHITECTURE

The block diagram of the pipelined ADC prototype is
illustrated in Figure 1.
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Figure 1: Block diagram of pipelined ADC prototype

In the front end of the converter, a sample and hold circuit
is used to extend the input bandwidth of the ADC, followed
by a cascade of three identical stages in which each stage
performs a 2.5bits coarse quantization. The last stage is a
4bits flash ADC. Finally, the 13bits coarse quantization
results are feed into digital correction logic to generate 10bits
resolution at the output of the pipelined ADC.

[1I. CIRCUITS DESIGN

A.  Sample and Hold Circuit

The sample and hold circuit (S/H) is based on a capacitor
flip-around architecture [11], as shown in Figure 2.

Compared with a charge transfer S/H, the capacitor flip-
around architecture S/H exhibits the advantages of lower
power consumption, smaller die size and better radiation
hardness capability due to its larger feedback factor and lower



load capacitor which can maximize the closed-loop gain and
bandwidth of amplifier. In order to reduce the nonlinear
effects of the switch caused by charge injection and clock
feed through, the bottom plate sampling technique is adopted.
To improve the input bandwidth of the S/H, the bootstrapped
switch [12] is used on SW1, SW2, SW3 and SW4 in Figure 2.
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Figure 2: Sample and hold circuit

A high performance operational amplifier (opamp) is
included in the S/H. Threshold voltage drift, migration rate
and transconductance degradation caused by total ionizing
dose will reduce the gain and the bandwidth of the opamp,
increase DC offset, and finally affect the performance of the
circuit, so the margin must be sufficient when designed [13].
A gain-boosted folded cascade amplifier is used in the S/H
[14], as shown in Figure 3. This structure can efficiently
improve the gain without reducing the bandwidth of the
opamp.
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Figure 3: Gain-boosted folded cascade amplifier

B.  Switched Capacitor Comparator

A switched capacitor comparator with a preamplifier is
adopted, as shown in Figure 4.
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Figure 4: Switched capacitor comparator

The switched capacitor structure can extend the input
common mode range of the comparator, and the DC offset of

the comparator can be reduced within a lower range due to the
preamplifier. Thus the comparator allows larger tolerance for
the error caused by radiation.

IV. RADIATION HARDENED APPROACHES

A. Hardened System and Circuits

In order to improve the radiation performance of the ADC
prototype, the 2.5bits/stage system structure, the capacitor
flip-around S/H, the gain-boosted folded cascade amplifier
and the switched capacitor comparator with a preamplifier are
all carefully determined and designed as described in section
III. The values of the currents and capacitors in those sensitive
parts are increased properly for the purpose of radiation
hardness. By implementing the above RHBD approaches, the
ADC prototype generates much smaller deviations when
radiated. If the deviations from comparators are small enough
to locate in the error correction range of the pipelined ADC,
they will be corrected by the digital error correction logic.

B.  Rad-Hard SOI CMOS Technology
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Figure 5: Cross-section views of SOI and bulk CMOS technologies

The SOI CMOS technology joins silicon dioxide as
a buried insulator layer on silicon substrate as shown in
Figure5 (a). The complete isolation between NMOS and
PMOS eliminates any of the latch-up events [15]. Compared
with bulk CMOS technology, the SOI CMOS technology
could mitigate the sensitivity of single event upset (SEU) and
single event functional interrupt (SEFI) due to its much
smaller charge collection volume. As a result of the radiation
hardened techniques, the total ionizing dose radiation
tolerance of the rad-hard SOI CMOS technology has also
reached a fairly high level. Figure5 (b) is the cross-section
view of the bulk CMOS technology.

C. Hardened Layout

Contrasting with the immunity of single event latch-up
(SEL) of the SOI CMOS ADC, the bulk CMOS ADC has to
be implemented with reasonable and rigorous layout rules to
mitigate the sensitivity of SEL. The substrate contact around
the transistor should be sufficient to avoid the latch-up,



especially for the NMOS and PMOS which are close to each
other [16], as shown in Figure 6.
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Figure 6: Hardened layout

V. EXPERIMENTAL RESULTS

The micrographs of ADC in different technologies are
shown in Figure 7, respectively. The electrical and radiation
characteristics of the two ADCs are tested for comparison.

PREPRN R R s R e

(b) Bulk CMOS ADC

Figure 7: Micrographs of ADC in different technologies

The spectrum analysis results of the SOI and bulk ADCs
with 25Msps sampling rate are shown in Figure 8.

FFT PLOT

0 1= T
—*—1st
20 o 2ndj
3rd
» + ath ||
- + sth
0O eth
g 60 O 7th [
w vV gth
? oth |{
2 8
o]
s
< -100 —
-120 S
-140 J. 2 .I 't‘ - f I whe L IOEEY L‘l
-160
0 2 4 6 8 10 12 14
ANALOG INPUT FREQUENCY (Hz) X 105
(a) SOI CMOS ADC
FFTPLOT
0 + + = T
—— 1st
-20 O 2ndH
3rd
-40 +  4th H
*+  s5th
-60 O 6th 4
g ' O 7th
H -80 ! Vv sth H
=) 9th
E
Z -100 —
=
<
-120 —
-140 l Lll L L- - — L-
-160 i
-180
0 2 4 6 8 10 12 14

Figure 8: Spectrums of SOI and bulk CMOS ADC with 25Msps

sampling rate
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A. Electrical Experiment

A high purity sine wave signal is feed to the ADCs with
25Msps sampling rate. The digital output data of the ADCs
are captured and analyzed to obtain the electrical parameters
such as SNR, ENOB, DNL,

INL,

etc.

The electrical

By changing the sample rate, the frequency characteristics
of the ADCs are obtained. Test results show that the SOI
ADC still maintains the ENOB of 8.2bits up to the 40Msps.
The ENOB of the bulk ADC is lower than 8bits from 31Msps
and only 2.5bits to 40Msps. The SOI technology exhibits
better frequency characteristic because the SOl MOSFET has
smaller parasitic capacitance and better I-V characteristic. The
comparison of the SOI and bulk based ADCs frequency

characteristics experiment indicates both of SOI ADC and
bulk ADC could achieve effective number of bits (ENOB) of
9.5bits, spurious-noise-free dynamic range (SFDR) of 72dB,
differential nonlinearity (DNL) of 0.4LSB, and integral
nonlinearity (INL) of 0.5LSB. The detailed performance
characteristics are listed in Table 1. Electrical Characteristics
Comparison of SOI-based ADC and bulk CMOS ADC

SOI ADC | Bulk ADC
Fy(Hz) 25M
Freq vin(Hz) 2M
Supply (V) 5

Consumption (mw) 240
DNL(LSB) +0.4 0.4
INL(LSB) 0.5 0.5
SNR(dB) 60.5 59.6
SFDR(dB) 723 744
SINAD(dB) 60.2 59.2
ENOB;(bits) 9.7 9.5

characteristic is shown in Figure 9.
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Figure 9: Comparison of the SOI and bulk based ADCs frequency
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B. TID Experiment

The total ionizing dose (TID) experiment is performed by
the Cobalt-60 gamma radiation source at Peking University.

The sample ADCs with different technologies are selected
for the TID experiment. The samples are irradiated to
500krad(Si) with a dose rate of 50rad(Si)/s at the room
temperature, and annealed 168 hours at 100°C after last
dosing [17]. During the experiment, samples are left static
bias state, and measures are performed at pre-radiation, 50k,
100k, 150k, 300k, 500krad(Si) and after anneal.
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Figure 10: Comparison of TID responses between SOI and bulk
CMOS ADC

The experimental results reveal that the SOI ADC
maintains the consumption and spectral performances up to
500krad(Si), and the performances degradation are not
observed after anneal. It achieves the TID tolerance of
300krad(Si) at least.

The bulk ADC performances with the identical circuit
design and layout floor plan do not degrade until the radiation
dose accumulation up to 50krad(Si). Drastic reductions are

observed over 50krad(Si) , the ENOB of bulk ADC is only
4bits and the increasing of the consumption is over 25% at
100krad(Si). After annealing, the ENOB and the consumption
of the bulk ADC both recover to meet all specifications.

Comparison of TID responses between the SOI and bulk
CMOS ADCs is shown in Figure 10. It can be seen that the
TID tolerance of SOI-based ADC is nearly one order of
magnitude higher than bulk ADC. This is due to the radiation
hardened techniques used in the SOI CMOS technology.

C. SEE Experiment

The single event effects (SEE) experiment is performed by
the HI-13 tandem accelerator at the China Institute of Atomic
Energy.

The sample ADCs with different technologies are selected
for SEE test. At room temperature, all samples are irradiated
by particles broad beams with stable DC analog input signals
including -0.8V, 0V and 0.8V. The fluence is 1E7 /cm® with
the 1E4 /em®* s flux. By monitoring the digital output and the
consumption of the ADC, if the deviation of the digital output
is more than +4LSB from the expected value, or the
consumption increases over 10% of the normal, the single
event effect is confirmed [17].
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Figure 11: Comparison of SEU cross-section between SOI and bulk
CMOS ADC

The experimental results indicate that neither ADC
exhibits single event latch-up (SEL) and single event function
interrupt (SEFI) sensitivity up to the maximum tested LET of
63MeV-cm’/mg. This is due to the good nature of SEE
insensitivity of SOI technology and the reasonable and
rigorous layout rules of the bulk CMOS ADC.

The input voltage value does not have obviously effect on
the device single event upset (SEU) sensitivity. At the LET of
17MeV-cm’/mg, the SEU cross-section of the SOl-based
ADC is about 3.1E-6cm%device, at the LET of
63MeV-cm’/mg, the SEU cross-section of the SOI-based
ADC is about 9.6E-6cm?/device, both of the two points are
lower than bulk ADC by two orders of magnitude. Due to
implement the suitable RHBD approaches and take the
inherent advantage of the rad-hard SOI technology, the SOI-
based ADC generates much smaller deviations when radiated.
Because most deviations could be corrected by the pipelined
ADC’s digital error correction logic with the system



redundancy, the SOI-based ADC acquires excellent rad-hard
accomplishments. In contrast the bulk CMOS ADC with
identical schematic design and layout floor plan could not be
so efficient in SEE experiment. Figure 11 illustrates the
differences of SEU cross-section between SOI and bulk
CMOS ADCs.

VI. CONCLUSION

In conclusion, by implementing simple RHBD approaches
and taking the inherent advantage of the rad-hard SOI
technology, the SOI-based ADC achieves the TID tolerance
of 300krad(Si) at least, nearly one order of magnitude higher
than bulk ADC, and the SEU cross-section of 9.6E-
6¢cm?/device at 63MeV-cm’/mg LET, lower than bulk ADC
by two orders of magnitude, more suitable for harsh radiation
environment applications.
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