Vol. 32, No. 7

Journal of Semiconductors July 2011

Design of a total-dose radiation hardened monolithic CMOS DC-DC
boost converter*
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Abstract: This paper presents the design and implementation of a monolithic CMOS DC-DC boost converter that
is hardened for total dose radiation. In order to improve its radiation tolerant abilities, circuit-level and device-
level RHBD (radiation-hardening by design) techniques were employed. Adaptive slope compensation was used to
improve the inherent instability. The H-gate MOS transistors, annular gate MOS transistors and guard rings were
applied to reduce the impact of total ionizing dose. A boost converter was fabricated by a standard commercial
0.35 um CMOS process. The hardened design converter can work properly in a wide range of total dose radiation
environments, with increasing total dose radiation. The efficiency is not as strongly affected by the total dose
radiation and so does the leakage performance.
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1. Introduction

In space applications, the continuous quest for weight re-
duction drives the research activities for migration towards the
optimization of power converters. For a small size-to-weight
ratio and high efficiency, the switching converters are usually
chosen for space converter applications. As it provides low-
cost, high-performance solutions, CMOS technology has been
a popular choice for designs requiring general hardness to the
natural space radiation environments. Due to the dramatically
increasing processing costs and greater availability of state-of-
the-art commercial foundry capacity, providing radiation hard-
ness solely through design techniques rather than a specialized
fabrication process has become more and more important['>21.
Radiation hardening by design (RHBD) relies solely on circuit
design techniques to mitigate the damage, functional upsets,
and data loss caused by space radiation.

While there are different types of converters used for
power conversion, the boost converter falls in the category
of “switch mode DC-DC converters”. The boost converter,
in general, converts input energy from one level to another
level with an output DC voltage higher than the input DC
voltage. The effects of total ionizing dose on the boost con-
verter were reported previouslyl® 4. However, only total-dose
effects on the discrete and hybrid switching DC-DC boost con-
verter were considered. The total-dose effects in the mono-
lithic DC-DC boost converter, which was fabricated by a deep
submicron CMOS process, were not considered. This paper
presents RHBD techniques applied to the monolithic DC-DC
boost converter that can work properly in a wide range of radi-
ation environments, with increasing total dose radiation.
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2. Design issues of the radiation hardened
DC-DC boost converter

Considering the issue of radiation, the design of power
converters becomes a real challenge. Two basic effects occur
when CMOS DC-DC converters are exposed to space radia-
tion: (1) total dose as result of ionization damage and (2) single
event effects as a result of an energetic partial strike. In this pa-
per, we concentrate on the design techniques to mitigate total
ionizing dose (TID) effects.

2.1. Boost DC-DC converter topology

The circuit of the PWM boost DC—DC converter is shown
in Fig. 1, and its output voltage V, is always higher than the
input voltage V;, for steady-state operation. It ‘boosts’ the volt-
age to a higher level. The converter consists of an inductor L, a
power MOSFET switch, a diode D, a filter capacitor C, a load
resistor Ry, and a pulse width modulation (PWM) circuit. The
PWM output voltage switches the power MOSFET between
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Fig. 1. Structure of a DC-DC boost converter.

* Project supported by the National Defense Pre-Research Project of China (No. 51311050202).

1 Corresponding author. Email: 1iuzhi6048@126.com

Received 9 December 2010, revised manuscript received 31 March 2011

© 2011 Chinese Institute of Electronics

075006-1



J. Semicond. 2011, 32(7) Liu Zhi et al.
the conducting (on) and nonconducting (off) states. In each pe- [ |
riod of the PWM output waveform, the PWM output is high Vo L  SW ~ : Vou
for a time (where is the variable duty cycle and is the period). S L < ! L
To first order, the output voltage is described b : | G
o first order, the output voltage is described by | @b ' I L
: |
Voo T v 1 I Isense |
out = T——Ton in» (1) I WM \Y4 Amp Error R,
| Logic Current Amp l Vet
where T is the repeating period and Ty, is the switch-on time. A Comp_~ V. R
i <
| SR —(> ;
2.2. TID effects in MOS ! LI Y R SR
) o ) | Adaptive :
It has been shown that the dominant radiation effects in I OSC Slope Comp | '

MOS devices are due to TID effects, and not due to displace-
ment damage!?]. Tt is well known that positive charge buildup
in the oxide layer and interface state production, due to ionizing
radiation effects, lead to threshold voltage shifts and channel
mobility degradation. The amount of threshold shift in MOS
devices caused by ionizing radiation is strongly dependant on
the bias voltage applied to the gate, both during and after radia-
tion. Conceptually, the radiation induced oxide charge buildup
problems are a simple principle. It is only when one tries to
quantify the details of the radiation response that one real-
izes the complexities involved in the radiation response of the
MOS transistorl>2. In any TID conditions, the R,, of MOS in-
creases and the Gy, of MOS decreases. As transistors degrade,
the loss of device quality shows up in higher-level performance
shifts.

The continued scaling of CMOS technologies has led to
significant increases in the electric field in the MOSFET chan-
nel and oxides with each succeeding generation. Increased
electric fields in the channel and in the oxides can lead to hot-
carriers. When these carriers lose energy through impact ion-
ization or elastic scattering events, this can lead to photon gen-
eration, substrate current, or electron/hole injection into the ox-
ide. In a recent paper by Mayer et al.[%], the hot-carrier reliabil-
ity of an annular transistor was shown to be better than the reli-
ability of a standard two-edge fabricated by the same 0.25 um
technology.

2.3. The boost converter failure induced by TID

Although the effects of total-dose ionizing radiation on hy-
brid power converters have been studied in detail, less infor-
mation is available about the effects of total-dose ionizing ra-
diation on a monolithic DC-DC boost converter. The power
converters may be very sensitive to radiation (total-dose, sin-
gle event effects) and their radiation response is dependent on
temperature, input bias conditions and load conditions. Ref-
erence [4] shows that the hybrid converter failures that were
observed were caused by irradiation of the error amplifier, but
the SG1525A PWM integrated circuit exhibited excellent total-
dose tolerance, with proper circuit operation maintained up to
a 1 Mrad(SiO,) total dose. These results provide an interesting
insight into the role of feedback mechanisms in the total-dose
degradation of the converter. The feedback loop maintained the
error amplifier bias operating point as long as the converter op-
erated, but once the error amplifier had degraded sufficiently,
the converter stopped working when the power was cycled off
and on.

Fig. 2. Diagram of the RH DC-DC boost converter.

In fact, the boost converter is a mixed-signal system that
is made of analog circuits and digital circuits. So its failure in-
duced by total dose may be thought of as the failures of analog
circuits and digital circuits. Amplifiers are sensitive to changes
in gain, bandwidth, and noise, so that effects on transconduc-
tance and noise parameters are important. Comparators used
for threshold determination and timing rely critically on thresh-
old shifts. Digital circuitry is affected by threshold shifts that
affect propagation delays and device transconductance, which
determines switching speed.

3. Design of the radiation hardened DC-DC
boost converter

The goal of radiation-hardening design is not so much to
obtain a system whose characteristics do not change under irra-
diation as to maintain the required performance characteristics
over the lifetime of the system. The RHBD techniques should
maintain the speed, area penalty, power penalty and other per-
formance characteristics compatible with radiation hardened
devices by processing technology. Hardening must be con-
sidered in device, circuit, and architecture design. Changes at
any one of these levels that influence circuit hardness may
also influence other aspects of circuit performance. Tradeoffs
between hardness, performance, reliability, manufacturability
and cost further limit the range of techniques appropriate to a
particular design.

3.1. General design specifications

A diagram of the radiation hardened monolithic current
mode DC—DC boost converter with integrated power switches
and adaptive slope compensation is shown in Fig. 2. In the
DC-DC converter, MO is the main switch and M1 is the syn-
chronous switch; the modulator is formed by PWM logic.
The specifications for this design are: input voltage from 1.2
to 5.5 V with loading current below 2 A and 2.6 to 5.5 V
adjustable output voltage, the output ripple voltage is about
20 mV with a off-chip capacitor and off-chip inductor, and the
power efficiency of PWM is over 80% for load current from
100 to 800 mA®l.

The radiation hardened boost converter must be designed
for optimum performance and reliability in both non radiation
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and radiation environments encountered during the mission.
Parameters such as efficiency, output voltage, step response,
loop gain frequency response and phase margin may be af-
fected by radiation, depending on the converter topology. By
considering the DC-DC converters as a unified power deliv-
ery system, a hierarchical design strategy may be employed.
The ultra thin gate oxide of deep submicron technologies is
inherently more tolerant to total dose effects than the thicker
oxides encountered in less advanced technologies. So the radi-
ation hardened boost converter has been fabricated by a stan-
dard commercial 0.35 um CMOS process.

3.1.1. Loop stability

A series capacitor—resistor combination sets a pole-zero
combination to govern the characteristics of the control sys-
tem. The DC gain of the voltage feedback loop Aroop is given
by

VB

Aroop = AeaGmRLoAD, 2

OUT
where Vgp is the feedback voltage, Agya is the error amplifier
voltage gain and Gy, is the current sense transconductance. The
goal of compensation design is to shape the converter transfer
function to get a desired loop gain. The system crossover fre-
quency where the feedback loop has the unity gain is impor-
tant. Low crossover frequencies result in slower line and load
transient responses, while higher crossover frequencies could
cause system instability. A good standard is to set the crossover
frequency below one-tenth of the switching frequency.

3.1.2. Adaptive slope compensation

It is a well-known problem that subharmonic oscillation
appears when the current-mode switching converters’ duty ra-
tio D is larger than 0.5. Subharmonic oscillation is normally
characterized by observing an alternating wide and narrow
pulse at the switch node. Adding an extra ramp (slop com-
pensation) to the current-sense signal prevents this oscillation.
The linear slope compensation will result in more slope sur-
plus, especially in low duty cycle, and affect the peak current
limit of the DC—DC converter. Then the piecewise linear slope
compensation is widely used in a certain application field. But
because of serious jitter in the turning of the piecewise linear
slope compensation, this method is difficult to operate at a con-
tinuous duty cycle range. In order to improve the above con-
siderations, the adaptive slope compensation has been designed
for boost converter. Based on the analysis of the current loop,
by detecting the input and output voltage, converting the adap-
tive slope compensation current, the compensation of the cur-
rent loop is optimized(”). The adaptive slope compensation can
not only improve the compensation accuracy but also eliminate
the over compensation, the turning jitter and the poor loading
capability.

3.2. Circuit level RHBD techniques

The major challenge in designing radiation-hardened in-
tegrated circuits is optimizing the actual circuit design for re-
liable performance in an ionizing-radiation environment. The

design principles should reflect an understanding of the de-
tailed response of the characterized technology to the types and
levels of radiation anticipated for the operating device.

3.2.1. Analogue circuits

The analogue circuits of a monolithic DC-DC boost con-
verter may include amplifiers (i.e. error amplifier), compara-
tors and oscillators, etc. In practice, the circuit level RHBD
techniques of analogue circuits trade with each other, making
the design a multi-dimensional optimization problem.

Damage from radiation results in changes in devices’ op-
erating mechanisms and the circuit DC operating point. In gen-
eral, the use of fully differential circuitry and current mirrors
yields circuitry whose operating point relies primarily on rela-
tive device matching. Changes in threshold voltages or current
gain in adjacent devices tend to track after radiation damage,
so the circuit will maintain its operating point. Circuitry should
also be designed to minimize single-point failure modes. Fail-
ure of common bias networks will cause all associated circuitry
to fail. Local biasing with highly parallel architectures could
reduce these problems.

(1) Current mirrors

Current mirrors can perform useful functions on analog
signals, which may be as both bias elements and signal pro-
cessing components. The speed is not a problem for these cir-
cuits, which are designed to provide a static current bias. Cur-
rent mirrors are necessarily operated in saturated mode. If the
total dose effects move the DC bias outside the saturated mode,
the current mirror loses its precision. In order to increase the
precision of current mirrors, we may use large transistors and
increase Vgyq to maintain the transistor in the saturated mode.

(2) Error amplifier

In the boost converter, the error amplifier is a transconduc-
tance amplifier. The parameters of transconductance g, and
the output resistance R are important for frequency compen-
sation, as they determine the gain and phase margin of the
current-mode boost DC-DC converter. As long as the con-
verter operated, the error amplifier bias operating point is main-
tained by the feedback loop. But once the error amplifier had
degraded sufficiently, the converter stopped working when the
power was cycled off and on. It is important that the ampli-
fier design is robust against the variation in the electrical para-
meters within specified limits. For example, we may rise pjag
overcome the DC point shift of amplifier and foresee a com-
fortable initial phase margin (PM > 80°) increasing the stability
of amplifier. The use of current mirrors reduces further radia-
tion induced drift caused by changes in the threshold voltage.
This mitigation by mirrored drift is limited by the statistical
matching of the mirror devices and by the limited difference
in drain voltage of the devices. Note that the input differential
pair was implemented with PMOS transistors as is the current
source transistor. The threshold voltage of this PMOS transis-
tor can only decrease in response to radiation. This observation
allows optimization of the feedback mechanism, which aims to
keep the value of this current constant.

(3) Comparator

The comparator is an important component in the feedback
control loop modulator for the PWM control and the hysteretic
comparator in the oscillator and ramp generator circuit. A crit-
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ical design aspect for comparators is a good trade-off between
sensitivity, speed, and power consumption. The precision de-
pends on the input offset, which is controlled by V; and by gp,.
The speed depends on the gy, of the transistors, controlled by
dose. We may increase gy, by increasing /4., which is detrimen-
tal to the power consumption. Power dissipation is a critical is-
sue when designing DC-DC switching power converters. The
comparator in the oscillator is a standard two-stage comparator
with hysteresis. Hysteresis was used to avoid oscillation when
the comparator switches from a high state to a low state. The
comparator in the feedback control loop is implemented by a
source-coupled differential pair with positive feedback to pro-
vide a high gain.

3.2.2. Digital circuits

As the threshold shifts of NMOS and PMOS are not com-
plementary, circuit switching thresholds may change with radi-
ation. At high damage levels, the device transconductance also
suffers due to buildup of interface charge and increased scatter-
ing of charge carriers in the channel. Both effects change prop-
agation delays, which can lead to race conditions (mismatches
in propagation delays of streams whose results are combined)
that cause circuit failure. One way to accommodate threshold
voltage shifts after irradiation is to change the relative area of
the p- and n-channel devices. Normally, a CMOS inverter will
be scaled with a 2 : 1 ratio between p- and n-channel devices.
This scaling compensates for the difference in hole and electron
mobility in silicon and thereby provides comparable drive un-
der normal conditions. Changing this ratio can increase the tol-
erance of a circuit to post-radiation changes in threshold volt-
age.

The logic gates are basic building blocks for digital circuit
design. The method of implementing logic gates can affect to-
tal dose hardness. Since negative threshold voltage shifts due
to radiation reduce postradiation PMOS drive current, NAND
gates should be used instead of NOR gates, in which PMOS
transistors are connected in series. There is high noise immu-
nity, high packing density and high speed superiority of NAND
gates to NOR gates in radiation hardened digital integrated cir-
cuits. If NOR gates must be used in designed circuits, then the
number of inputs (fan-in) should be minimized.

Both the maximum frequency decrease due to threshold
voltage shift and the minimum frequency increase due to radia-
tion induced leakage determine the useful radiation level in dy-
namic circuits. Since the worst radiation bias for clocked gate
CMOS circuits is half of that for transfer gate CMOS circuits,
the maximum threshold voltage shift in clocked gate circuits
is smaller than that in transfer gate circuits. Therefore, actual
degradation in clocked gate CMOS circuits can be considered
to be smaller than that in transfer gate CMOS circuits for the
same total dose.

3.3. Device-level RHBD techniques

The effects of radiation have not only been counteracted
on the circuit level but have also been handled on the layout
level. Special layout considerations are needed for boost con-
verter hardening. Such concerns extend from the basic device
and layout as far as the details of chip architecture for various
macro cells.

ACTIVE

e
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Fig. 3. Structure of annular MOSFET.

Previous studies have shown that the dominant leakage
path in modern bulk CMOS technologies is indeed the para-
sitic edge leakage path. For a conventional NMOS transistor, a
parasitic channel could be formed beneath the field oxide be-
tween the source and drain. As MOS channel edge leakage can
add current error to sensitive nodes, it is necessary to restrict
device geometries to closed (“edgeless™) transistors, or imple-
ment explicit channel stop layout features. The H-gate transis-
tors can prevent the kink or bipolar effect since the body con-
tacts are present at both ends of the channels. There is no direct
edge leakage path that between the source and the drain (the
edges run only from N to P diffusions) of the H-gate struc-
turel® 8% The annular MOSFET can improve the hot-carrier
reliability of CMOS circuits by reducing the drain electric field
compared to conventional MOSFETs, which has demonstrated
total-dose radiation immunity in CMOS circuits®!. In an an-
nular layout, the only path from source to drain is underneath
the gate. As shown in Fig. 3, the specific square layout allows
the easy formation of a closed matrix of cells to form a larger
transistor. One of the problems in using RHBD techniques to
improve the radiation tolerance of Icg is that there is a sig-
nificant area penalty associated with H-gate and annular gate
resistors. We design the power MOSFETs as switching devices
with a square annular MOSFET and a control block with an H-
gate MOSFET.

The multi-finger layout increases the leakage current and
the threshold voltage shift due to radiation in NMOS transis-
tors. No significant variations have been observed between the
PMOS transistors with different layouts. So we use a single
stripe device instead of multi-fingered devices as far as possi-
ble in the layout.

During the switching period, large voltage spikes are gen-
erated on the power buses by parasitic inductance of the bond-
ing wires. If these spikes are not well suppressed, the volt-
age stress on power switches might be high enough to break
the power switches. There is not too much margin for the de-
vices because most MOSFETs in the standard CMOS processes
have only 5 to 10 V breakdown voltage. Moreover, the voltage
spikes can be transferred into control core through substrate
or interconnection coupling and deteriorate the function of the
sensitive circuits. A proper floor plan and shielding should
minimize this effect in the layout. The devices are shielded
from each other by grounded guard rings, which help to pre-
vent leakage currents and latch up between separate devices.

A micrograph of the radiation hardened monolithic
DC-DC boost converter is shown in Fig. 4.
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Fig. 4. Micrograph of the RH DC-DC boost converter.
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Fig. 5. Converter static leakage current degradation versus total dose.

4. Experimental results

It is particularly difficult to relate accelerated laboratory
tests to the total dose effects that will be encountered in space.
Although basic total dose testing can be done relatively inex-
pensively, characterizing a process for space applications re-
quires a much more thorough evaluation of total dose effects.
This includes annealing devices after irradiation at elevated
temperatures (with bias applied) to accelerate the annealing
of holes, and, therefore, to simulate low dose rate effects in
space. Radiation testing was performed using a Co-60 gamma
ray source at a dose rate of 50 rad(Si)/s. The Co-60 source has
a dose rate that falls within the standard range specified by US
MIL-STD 883D, Test Method 1019.4 (50-300 rad(Si)/s). Two
designs are presented to evaluate radiation tolerance in the radi-
ation hardened and the normal monolithic DC-DC boost con-
verters, which have been fabricated by a standard commercial
0.35 um CMOS process. All devices were irradiated and tested
at room temperature. Devices were tested under typical appli-
cation conditions: in the external inductor 2.2 pH, capacitor
44 uF, input 1.2 V, output 3.3 V.

Figure 5 illustrates the measured static leakage current
degradation versus total dose for the radiation hardened and
the normal monolithic DC-DC boost converters. The leakage
current increases with increasing TID. The results, as expected,
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Fig. 6. Converter output voltage degradation versus total dose.
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Fig. 7. Converter efficiency degradation versus total dose.

showed that the radiation-induced static leakage current of the
RHBD boost converter is much less than that of the normal
boost converter.

Satellite and space probes typically encounter total dose
levels between 10 and 100 krad(Si), although systems exist
with requirements above and below this range. As shown in
Fig. 6, the experimental results show that the normal mono-
lithic DC-DC boost converter survived an 80 krad(Si) total
ionizing dose with no degradation in function, and the radia-
tion hardened monolithic DC-DC boost converter survived a
120 krad(Si) total ionizing dose with no degradation in func-
tion.

Figure 7 compares the efficiency degradation of the hard-
ened and normal boost converter with load resistance of 10 2.
By contrast, the efficiency of the hardened boost converter is
not as strongly affected by total dose.

5. Summary

The design and implementation of a total dose radia-
tion hardened monolithic CMOS DC-DC boost converter is
addressed in this paper. Both circuit-level and device-level
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RHBD techniques are employed to improve the radiation toler-
ant abilities. The radiation experiment results show that the cir-
cuit survived a 120 krad(Si) total ionizing dose with no degra-
dation in function, the radiation-induced static leakage cur-
rent of the hardened boost converter is much less than that
of the normal boost converter, and the efficiency of the hard-
ened boost converter is not as strongly affected by total dose.
The RHBD techniques are effective in producing a TID-robust
CMOS DC-DC boost converter for space applications.
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