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sofid-state detectors. Responding to the expanding demand of APDs &3 paricle deteciors, the ow-enengy {120 kel
and 1.2 Me\) foreground proton rediabon effect was mvestigated for the first time to estmate the operabion Betme
using two reach-through APDs with different deft region thicknessss. In conbrast (o the previous proton damsaps
studies with penetrating panticles, the primary damage depth can be controBed by tuning the incident proton enangy
in the mvestigated range. When the incldent enengy was adjusted to siop nght at the avelanche region, a-significant
reduction of the gain was observed at 10"%10" prodons’cm? tolal dose level, and the deiecior galn was complstely
lost over 10'7 pratona/cm® dose level In other cases, in which proton damsege was only in the drift region, ondy the
increase of the leakage curment was obsanved whils the eveianche gain was stable owver 10" protonsicm® dose level,
The incresse of the leakage currenl was stesper for higher-enargy prolon damages, reflecting the more energy
deposied in the detector crystal.
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The bandgap reference circuit appliceble to instiements requiring rediation nardness i presented in this paper. In
nuclear power plents, radiation dedector and temperature sensor ane generally used 0 observe & rescior state.
Therstors, the bandgap reference circud ulilized in sensors should be required a redsstion hardening technobsgy for
the harsh enviconmenis. The proposed bandgap reference circudt is used with the subfraction of the voltagpes induced
frovm two identical bandgap cancuits which have the same temperature cirvature and the diferent voliege magnibede
while bao reference voltages ane anly the difference on the design. With stetistical samulgbons, the proposed design
achiewes about the redietion emor rete of 0.93% and the temperature coefficient of 56 2 ppm!"C in the range of -30
fy 125" &, whis the comventionel bandgap circuit has 2.3% and 62 ppmi”C, respeciialy.
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Design of a Voltage Subtraction Bandgap Reference
Circuit for Radiation Hardening

Minuk Seung 2, Wooyoung Choi?, Seop Hur?, and Inyong Kwon?*

Abstract— The bandgap reference circuit applicable to
instruments requiring radiation hardness is presented in this
paper. In nuclear power plants, radiation detector and
temperature sensor are generally used to observe a reactor state.
Therefore, the bandgap reference circuit utilized in sensors
should be required a radiation hardening technology for the harsh
environments. The proposed bandgap reference circuit is used
with the subtraction of the voltages induced from two identical
bandgap circuits which have the same temperature curvature and
the different voltage magnitude while two reference voltages are
only the difference on the design. With statistical simulations, the
proposed design achieves about the radiation error rate of 0.93%
and the temperature coefficient of 56.2 ppm/°C in the range of -30
to 125° C, while the conventional bandgap circuit has 2.3% and 62
ppm/°C, respectively.

Index Terms— bandgap reference, radiation hardening,
subtracting reference voltage.

. INTRODUCTION

T oday, the bandgap reference (BGR) is used in various
applications, for instance, analog-digital converter (ADC),
digital-analog converter (DAC), temperature sensor, and
voltage regulator [1, 2, 3]. These circuits require high accurate
voltage and stability. However, the output voltage of a BGR
slightly changes when variation of temperature, supply voltage,
and process are occurred. Therefore, it does always have an
error of several mV.

In some specific environment such as radiation measurement,
military and space field, the BGR circuit is affected by another
variation due to incident radiation. When radiations penetrate
into oxide region of MOSFET, it generates hole-electron pairs.
Some carriers are promptly recombined but other carriers are
trapped in the SiO»-Si interface [3]. This effect occurs the
threshold voltage variation at CMOS devices. It leads to change
the output voltage of the BGR circuit [4]. Therefore, it is
necessary to minimize the influence of radiation.

This paper shows the concept of the BGR circuit to prevent
radiation effects. First, we will explain the concept of radiation
hardened by design (RHBD) topology. Second, we are going to
show the result of the simulation of bandgap reference circuit.
Finally, the conclusion and future work are shown.
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Fig. 2. Traditional bandgap reference circuit

Il. CONCEPT OF PROPOSED DESIGN

The proposed BGR circuit is combined by two conventional
BGR circuits having the same Temperature Coefficient (TC)
but different output references as shown in Fig. 1. The final
reference voltage of the proposed circuit is calculated by the
difference between the two conventional reference voltages.
Therefore, the final reference voltage is defined like (1).

VREF :Vrefz _Vrefl 1)

Generally, a reference voltage of a traditional BGR changes
depending on the supply voltage. In Fig. 2, PM1, PM2, NM1
and NM2 are the current reference circuit providing constant
current to the whole system. As supply voltage decreased,
current decreased either because of the channel-length
modulation effect.

Fig. 3 shows the schematic of the proposed design by using
the voltage subtracting radiation hardened bandgap reference.
The two identical BGR circuits with different supply voltages
are effected by radiation uniformly, then the each reference
voltage, Viern and Ve, is increased due to increased leakage
current in single transistors induced by incident radiation. The
final output, Vrer as a temperature indicator, is eventually
obtained by the subtraction of each reference voltage of the two
identical BGRs.
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Fig. 3. Proposed design of the radiation hardened bandgap reference
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I1l. SIMULATION RESULT a0 — Verr roposed) |
Fig. 4 shows the simulation of radiation effects in BGR. - _
. . .« . —_ ~ 300
Since cumulated total ionizing dose (TID) lead to leakage z hr £
current of MOSFET, we put current sources as radiation circuit PR -0 &
models to every NMOS transistors [3]. We assume that every £ 3
radiation model is the same amount of leakage current. When = & e
the Vg is 500 mV and dose is 500 krad, the leakage generally 00 150
o 50 100 150 200 250 300 350 400 450 500

presents several hundred of nanoampere [5]. It shows that the
two identical conventional BGRs have about the radiation error
rate of 2.3% while the proposed BGR has 0.93%.

Fig. 5 shows the output voltages versus temperature change.
Each conventional BGR has the temperature error of 0.95% and
0.99%, and the proposed BGR has 0.87% in the range of -30 to
125 °C. Table | shows the comparison with the conventional
BGRs and the proposed BGR. The simulation results show that
the proposed BGR has more stable for radiation effects and
temperature variation than the conventional BGRs.

IV. CONCLUSION

The radiation hardened bandgap reference circuit is designed
in this paper. The key idea is that the circuit can mitigate the
radiation variation by subtracting reference voltages of two
identical BGRs, resulting in supplying constant output voltages.
The whole circuit was designed in a 180 nm standard CMOS
process. With statistical simulations, the proposed design
achieves about the radiation error rate of 0.93% and the
temperature coefficient of 56.2 ppm/°C in the range of -30 to
125° C, while the conventional bandgap circuit has 2.3% and 62
ppm/°C, respectively. Therefore, the proposed design BGR is
more stable for radiation dose. If the circuit is more optimized
and developed, it can be implemented into many electronics
operating in harsh radiation environments. After the chip is
manufactured, the irradiation test will be proceeded.
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Fig. 4. Output reference voltages of the conventional BGRs and the proposed
BGR versus the radiation effects
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Fig. 5. Output reference voltages of the conventional BGRs and the proposed
BGR versus temperature

TABLE |

COMPARISON WITH CONVENTIONAL BGR AND PROPOSED BGR

Conventional

Conventional

BGR1 BGR2 Proposed BGR
Supply voltage
2.8 15 -
V)
Voltage

reference @ 724 687 179.7

25 T (mV)
Error (due to 0.95% 0.99% 0.87%
temperature)
Temperature

coefficient 62 64.6 56.2

(PPM/°C)
AVoy (due to 16.6 mV 16 mv 1.67 mV

radiation)
Error (due to 2.3% 2.32% 0.93%

radiation)
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