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Abstract---MOSFETs used in space are subject to exposure to 
natural radiation in space. Among the effects of ionizing 
radiation are shifts in threshold voltage and reduction of carrier 
mobilityy. In this paper, totaldose effects io switching dddc 
Boost converter are examined using SPICE simulations. Then a 
new circuit design for an open loop dc/dc Boost eonverter that is 
much less sensitive to radiation is proposed. By adding four 
more MOSFETs to the conventional design, good radiation hard 
behavior is observed under SPICE simulation, The improved 
design converter can work properly in a wide range of radiation 
environment, with increasing total dose radiation, The efticieney 
also greatly improves, and so does the Ieakage performance. 

I. INTRODUCTION 

, The trend toward minimization demands that more and 
more circuitry be integrated onto one chip. Fully integrated 
dc-dc converters are one step toward fill system integration. 
CMOS is a particdarly attractive technology because of low 
power dissipation and because of the continual improvements 
in feature size. As a result, the trend is to focus on CMOS 
implementation of low-power power converters such that a 
system can be fabricated on the same chip for low-power 
applications (1 ],[2]. 

It is known that radiation has many effects on MOSFETs, 
such as decreased threshold voltage, increased leakage 
cument, reduced mobility, etc [3]. In this work, we just 
consider threshold voltage (V,) as a controllable variable. 
Thus the design can be simplified as the design of a 
threshold-voltage-variation inert circuit (41. 

Dc-dc switching power converters are commonty used to 
generate a regulated dc output voltage h m  a different dc 
input source. Any change in the output voltage caused by 
radiation may affect the operation of other circuits related 
with the converter. Failure may occur if the output voltage 
change is sufficiently large [ 5 ] ,  [6] .  

Proper operation of a switching converter relies on the 
ability of the switching MOSFETs to continually switch 
between the triode and cut-off region. However, if radiation 
causes the threshold vottage degrade to a certain level, the 
switching transistors can not be shut off and cause subsequent 

circuit failure [6]. This effect is explained in this work with 
the aid of SPICE simulation. Then a new circuit design to 
improve radiation hardness for a CMOS dc-dc boost 
converter is proposed. 

11. BASIC CIRCUIT OPERATION 

A switching converter utilizes one or more energy storage 
elements such as inductors, capacitors, or transformers to 
effectively transfer energy from the input to the output at 
periodic intervals. The dc-dc boost converter is capable of 
providing an output voltage that is greater than the input 
voltage. 

I I I  

Fig. 

Fig.1 Open-loop boast converter circuit diagram 

illustrates a basic voltage-mode PWh - boost 
converter. The operation of the boost converter can be 
divided into two modes, depending on the switching actions. 
When the MOSFET is in the on state, the current in the 
inductor increases linearly and the diode is off at that time. 
When the MOSFET is turned off, the energy stored in the 
inductor is released through the diode to the output RC circuit. 
The boost converter operates in the continuous conduction 
mode (CCM) for L > L, where 
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D: duty cycle of switching signal R: Load f: frequency of 
switching signal. And the output voltage for converter 
working in the CCM inode is described by 

111. TOTAL DOSE EFFECT ON CONVERTER 

It is known that radiation will introduce the generation of 
holes in MOSFET gate oxide. Some of them will be captured 
by the Si/siO, interface trap centers and form oxide 
charges that will cause changes of important parameters 
[3],[4]. Normally, in a CMOS dc-dc converter, the switching 
MOSFET has a relatively large gate size, so the performance 
o f  the converter will be seriously affected by the ionizing 
radiation in space. 

The quantity of Vlb shift has a close relationship with the 
total dose of radiation. The V, shift increases when total dose 
increases. Also the Vlh shift becomes larger when gate bias is 
positive because the SilSiO, interface trap centers will 
capture more positive charges [3],[4]. So we can study a total 
dose effect on the boost converter by circuit simulation using 
V, as a variable. Tht: converter was simulated using SPICE, 
with degraded MOSFET parameters to account far the effects 
of ionizing radiation. The MOSFET model used for these 
simulations is AMI 0.5 jY process BSIM3v3 model. 

bi tput  voltage vs. Vth 
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the MOSFET decreases to a negative value, as switching 
signal goes zero, the MOSFET remains in a conducting state, 
and operates in the saturation region at this period. At this 
point, the converter has functionally failed. The plot of the 
leakage current through switching transistor when the 
switching signal is low vs. V, is shown as Fig.3. 

I Leakage current vs .  Vth 
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Fig.3 Leakage current vs. threshold voltage for the basic boost converter 

Fig.4 shows the efficiency degradation of the boost 
converter. As it can be seen from the figure, efficiency 
decreases dramatically as MOSFET threshold voltage 
decreases past a certain point. At that point, the MOSFET 
cannot totally shut off as the switching signal goes low, and 
the leakage current through the MOSFET is much larger than 
that at the normal condition. 

Efficiency VS, Vth 
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Fig.2 Output voltage V!j. threshold voltage for the basic boost converter 

Fig.2 shows the simulated output voltages of a traditional 
designed CMOS dc-dc boost converter versus V, of the 
switching NMOS. From this simulation, it is observed that 
the output voltage shift is negligible until the threshold 
voltage of the switching NMOS decreases to the point where 
gate voltage is not IOW enough to hl ly  turn off the MOSFET. 
For the simulation, the dc input is 5 volts, and a 0 to V, (5 V ) 
1 MHz pulse square wave was applied to the switching 
MOSFET gate. With radiation increases, the V, of the 
switching MOSFET decreases and the leakage current 
increases, so the output voltage will come down. When V, of 

Fig.4 Efficiency vs. threshold voltage for the basic boost converter 

N. DESIGN OF RADiATION HARDENED BOOST CONVERTER 

As to the negative threshold voltage shift of the switching 
transistor, from the circuit design perspective, one way is to 
increase the source voltage of the transistor to compensate for 
threshold voltage decrease. With this idea in mind, the open 
loop dc-dc boost converter was designed as Fig. 5. the 
additional n-type transistor M2 was connected in series with 
the switch transistor M1, and two gates are connected 
together. 

1492 

Authorized licensed use limited to: Auburn University. Downloaded on March 9, 2009 at 09:41 from IEEE Xplore.  Restrictions apply.



Fig. 5 Schematic of Re-designed boast convertet 

The operation of this circuit is as foIlows: assume V,, is 
low, the switching transistors M1 and M2 are off initially. 

On state: when the switching signal goes high, transistor 
M2 will turn on, then the drain voltage of M2 comes down 
and transistor M1 turn on. With the switch on, the diode is 
reverse biased, thus isolating the output stage. The input 
supplies energy to the inductor and the inductor current 
increases linearly. 

Off state: when the switching signal goes to zero, the node 
voItage V5 goes up, allowing M1 shut off completely. Here 
we also take advantage of transistor leakage current increase 
under irradiation, the structure proposed is self-limiting its 
leakage current by applying positive feedback voltage to the 
source of the M1 transistor. In this case, transistor M2 is 
equivalent to a resistor, which is the least model for M2 here. 
The emergence of Ml leakage current raises V5 and therefore 
compensates for its threshold voltage decrease. 

Fig 6. The design radiation hardened boost convertel 

However, in a dc-dc boost converter, one wants the 
leakage current as small as possible when the switch is off. 
The smaller the leakage current, the higher efficiency of the 
converter. So one can’t just rely on the leakage current to 
provide positive feedback to raise V5. Therefore the circuit is 
redesigned as Fig. 6. 

As illustrated in Fig. 6, we add a current source, which is 
connected between drain of M2 and ground, to provide 
current to raise V5 when ypw,, is low. And during vpwn is 

high the current source will be disconnected. 

Fig.7 The complete design radiation hardened boost converter 

The complete design is shown as Fig.7. Here the P-type 
transistor M3 is designed as the switch: when vpw, is IOW, it 

tums on; when vpwn is high, it tums off. Instead of using a 

current source in Fig. 6, we use a voltage source in Fig 7, 
which is implemented by transistors M4 and M5. 

Both M4 and M5 are diode-connected; they act as a 
voltage divider to divide the input voltage (V,.) to V1, which 
is connected to the source of transistor M3. M4 and M5 do 
not carry the main current, so the power consumption of the 
addition circuit is negligibIe when compared with that of the 
whole converter circuits. One can vary the size of transistors 
M4 and M5 to achieve the desired V1. The voltage V1 should 
be less than the high pulse of vpw, so that transistor M3 can 

be fully turned off when the gate signal is high. Also, VI 
should be designed high enough to compensate the threshold 
voltage decrease of transistor M1. 

With this design, when the switching signal goes down to 
zero, M3 tums on, and voltage divider supplies a current to 
raise the V5 up. It can be seen from Fig.S, which is a plot of 
gate switch signal and node voltage V5 with the time. 

One benefit of this additional circuit is that it reduces the 
leakage current of transistor MI when it’s off. At same time it 
raises the voltage of V5 when the transistor M3 is on, the 
higher voltage of V5 helps the transistor M1 turn off more 
quickly and completely. This is the other benefit of this 
additional circuit. 

5 

Fig.8 the switching signal (upper) and the source voltage o f M l  (lower) 
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In this improved design, the principle used in the 
improvement is to add corrective elements to the structure to 
raise source voltage of NMOS transistor to compensate the 
Vth decreases. Here, the source voltage of MI is raised to 
higher value than the amount of its threshold voltage shift. 
With this configuration, even if the threshold voltage of 
NMOS transistor goes down to a negative value, switching 
transistor M1 still can be guaranteed shutting of€ when the 
switching signal is low. 

Output v o l t a g e  vs.  V t h  
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Fig.9 Output voltage vs. threshold voltage for the radialion-hardened boast 
converter 

The converter output voltage versus threshold voltage for 
this improved design is shown as Fig.9. For this simulation, 
the input dc voltage is 5 volts, gate switching signal is 1MHz 
from 0 to 5 volts pulse wave. They are all set same with the 
previous simulations. From Fig. 9, it can be observed that the 
output of the converter keeps fairly constant under a wide 
range of radiation degradation. It is also interesting to note 
that the output voltage even goes up a little bit with transistor 
threshold decreases. The reason is that the on state resistance 
of the switching transistors reduce a little as the MOSFETs 
threshold voltage decreases. 

Leakage current vs. Vth 
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transistor is off. The plot of leakage current vs. Vlh for the 
radiation hardened design is shown as Fig. 10. For the basic 
design, when V,, decreases to less than 0.3V, the switching 
transistor will be remaining on all the time. The basic design 
circuit will fail to work at this point, while the improved 
design can work with a negative threshold voltage. 

Fig.11 shows the efficiency of the improved converter 
versus threshold voltage. As we can see from this figure, the 
improved converter is less affected by total dose than the 
traditional design. The efficiency goes down slowly with 
increasing total dose. Why does the efficiency still go down 
with a fairly constant output voltage? Because the leakage 
current increases, so is the input current, then input power of 
converter increases. The efficiency of the converter is defined 
as the output power divides by the input power. With 
constant output power and increasing input power, the 
efficiency of this improved converter decreases slowly with 
the increasing total dose. 

Efficiency vs.Vth 
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Fig. 1 1  Efticiency vs. threshold voltage for the radiation-hardened boost 
convener 

v. CONCLUSION 

A new circuit design for an open-loop boost converter is 
proposed to minimize the impact of total dose radiation 
induced threshold voltage shift on h e  switching MOSFET in 
the converter. The idea proposed here is using auxiliary 
circuit to pull up the source voltage of the target MOSFET as 
a compensation for the threshold voltage decrease. From the 
circuit simulation, we can see that the improved converter has 
a much better performance than the traditional converter 
under a total dose radiation environment. It shows a fairly 
constant output in a wide range of radiation environment, the 
efficiency and leakage current performance also get a greatly 
improvement. The circuit has been laid out and sent for 
fabrication. 

Fig 10. Leakage current vs. threshold voltage for the radiation-hardened 
boost converter 

Compared with the basic design, the improved design also 
shows a better leakage performance when the switching 
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