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Abstract

Radiation Hardened Bandgap Reference Circuit with Radiation

Effect Rejection by Using Reference Voltage Subtraction

Minuk Seung
Dept. of Electrical and Electronic Engineering

The Graduate School, Yonsei University, Seoul, Korea

This thesis is about the radiation hardened bandgap reference (BGR) circuit with
radiation effect rejection by using reference voltage subtraction. The bandgap
reference circuit is an essential circuit that supplies a constant voltage to the
various sensors and circuit systems. Particularly, the thermocouple sensor
interface with BGR is used to monitor and control the reactor and other equipment
in the nuclear power plant for safe operation. However, cumulative damage is
occurred when a semiconductor integrated circuit is used in a radiation

environment, which changes the threshold voltage and increases the leakage



current. The change of the characteristics of semiconductor devices causes the

operating point change of the BGR, resulting in tens of degree of error.

In previous studies, methods for minimizing radiation effects were proposed

using Enclosed Layout Transistor (ELT). However, there are disadvantages such

as difficulties in design and simulation using ELT structures and large area demand.

Therefore, the standard 0.18 um process was used in this thesis to implement

radiation hardened by design (RHBD) BGR.

The proposed circuit utilizes the difference between two reference voltages with

identical characteristics for temperature and radiation but different voltage level.

The radiation characteristics are identical when two equal BGRs are irradiated by

radiation in the uniform radiation field. If the supply voltage of the two BGRs is

different, the output voltage changes due to the channel-length modulation effect

in the saturation region, resulting in a decreased output reference voltage. This

allows two circuits to having different output voltage level, while have the same

temperature and radiation characteristics. Finally, the difference between two

reference voltages is output through a voltage subtractor composed of OPAMP.



The experiment was conducted according to temperature and radiation changes
to compare the output of the conventional BGR and the proposed BGR. The
temperature experiment was conducted from 20°C to 110°C. As a result of the
experiment, The maximum voltage variation of the proposed design shows 0.26

mV, while conventional circuit produces 26 mV, and the TC is 2.9 and 289 ppm/ T,

respectively. Radiation testing was conducted for 20 hours at 100 krad per hour
using a Co-60 source. The result of the radiation experiment shows that the
conventional BGR shows the maximum radiation error of 16.7 mV and average
error of 13 mV, while the proposed design shows 9.5 and 5.2 mV, respectively.
Therefore, the proposed reference voltage supply was assessed to be 97.45 %

more stable for temperature and 60 % more stable for radiation.

Keywords: radiation hardened by design, bandgap reference circuit, radiation-
hard bandgap reference circuit, voltage bias circuit, thermocouple, thermocouple

sensor interface, cold junction compensation



1. Introduction

An analog-digital converter (ADC), a digital-analog converter (DAC), a
temperature sensor, and a voltage regulator circuit requires high accurate and
stable bias voltage to set the operating point. Therefore, the circuit performance is
determined by the biasing circuit. Conventionally, a passive bias circuit composing
the resistor are used. However, this biasing circuit is variated by external
environment such as the temperature, process and supply voltage variation and
so on. Today, the BGR is widely used instead of passive bias circuit [1]. It can
generate the constant voltage regardless of external environment. The
conventional BGR should provide the constant voltage to other circuits. Robert
John Widlar, who was an American electronics engineer and a designer,
demonstrated that proportional-to-absolute-temperature (PTAT) voltage was
generated by scaling bipolar junction transistor (BJT) at 1971 [2]. Since then, the
bandgap reference circuit is an essential block for various sensor and circuit

systems. The bandgap reference circuit could produce constant voltage about 1.25



V to the circuit system [3]. This value is same about the silicon bandgap voltage.
Therefore, this circuit is called as bandgap reference circuit.

Particularly, thermocouple sensors with BGR are widely installed in nuclear
power plants (NPPs) to monitor and control reactors and other equipment for safe
operation [4, 5]. Thermocouple sensor has the advantage of the low cost, wide
measurement rage, stability, fast response and so on. Therefore, they are used in
many industries [5, 6]. However, in the radiation field, the thermocouple sensor
integrated circuit (IC) is affected by radiation. In the case of k-type thermocouple,

output voltage is around 41.6 pV/C. Therefore, a few mV errors at a BGR can

result in tens of degree of error in temperature. For this reason, a reference voltage
should supply a constant value to retain a sensor stable regardless of external
environments.

The development of space, military, medical and nuclear industries has required
the radiation harden device during tens of year. So, many technologies have been
developed to resist against the radiation. A silicon-on-insulator (SOI) or a silicon-
on sapphire (SOS) technologies increase inherent tolerance to the single event

effect (SEE) [7]. In addition to, CMOS process scaling down reduce a total ionizing



dose (TID) effect due to electron tunneling effect. The hole induced by radiation is

recombination with the electron moved from channel in the SiO,-Si interface.

Moreover, an ELT structure decreases the TID effect [7 - 11]. The ELT device has

isolated gate structure that prevent to generate parasitic channel caused threshold

voltage shift [12]. However, in the analog circuit aspect, the layout of ELT devices

requires a wide area about three times larger than a standard metal-oxide-silicon

field effect transistor (MOSFET) process. Moreover, it is difficult to develop an

accuracy model for electrical response simulations [13]. The CMOS scaling down

cause shallow trench isolation region (STI) to avoid the interference with adjacent

devices. So, STl increase the leakage current when the CMOS is irradiated [7]. For

this reason, it is necessary to research the RHBD analog circuit using standard

MOSFET instead of the ELT structure against TID effect.



2. Background

2.1 Thermocouple Temperature Sensor

The thermocouple thermometer is widely used in various industry. It has the
advantage of the low cost, wide measurement rage, stability, fast response and so
on. It has been also utilized in NPPs to measure temperature for the NPPs safety
due to these advantages. Thermocouples have various characteristics depending

on the type of metal. In the case of k-type thermocouple, consisting of chromel and

alumel, output voltage is around 41.6 yV/°C and could measure from -200°C to

1250°C conventionally.



2.1.1 Seebeck Effect

The critical principle of the thermocouple is Seebeck effect. It is discovered at
the 1821 by Seebeck who is Germany physicist. If one side is connected to the hot
junction, and the other is connected to the cold junction as known as a reference
junction, a voltage difference is generated by the different temperature between
two different metals [6, 14]. This phenomenon is caused by moving free electron
in the two metals. Free electrons move from high temperature region to low
temperature. Moreover, electrons are trapped at the low temperature region due
to shorter mean free path than high temperature region. At that time, the thermal

potential is generated as called as electromotive force as shown equation (1).

Vrp =S8SX Ty —T¢) 1)

where S is Seebeck coefficient difference of two metals, and Ty and T, are the

temperature difference between the two metals.



2.1.2 Cold Junction Compensation

The temperature can be measured by using equation (1) when the reference
junction temperature is constant, which is known as cold junction compensation
(CJC). There are several methods to compensate cold junction. First, the traditional

method is to use the 0°C water-bath as shown figure 2.1. So, ST, = 0, the output

of thermocouple is defined by high temperature as shown equation (2). However,
it is not commonly used in these days because the water bath is relatively bulky to

use in practical sites [15].

VT:SXTH (2)

Second method is to correct using software. It is simple and fast method but less
precise. Another approach is to utilize hardware compensation such as a CMOS
integrated circuit. The bandgap reference circuit is generally used as CJC circuit
because it can produce constant voltage. Therefore, the output of thermocouple is

defined as shown equation (3).



Voutput = Vr + Vegr = S X Ty (3)

Vo
Ty ( o VOutput Ty < s

Bandgap
Reference
0°C ice water
() (b)

Figure 2.1 Cold junction compensation method by using (a) ice water and (b) the
bandgap reference circuit.
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2.1.3 Thermocouple Temperature Sensor Interface

Figure 2.2 shows a thermocouple sensor system, which consists of a k-type
thermocouple, CJC circuit, and OPAMP. The k-type thermocouple is composed of
chromel (positive lead) and alumel (negative lead). On the negative side, a BGR
for the CJC supplies constant voltage, while the positive side is connected to an
OPAMP to amplify the voltage difference. Therefore, the voltage putting the
temperature sensor can be measured and calculated the target temperature using

equation (3). |

1 G S e
1 : Thermocouple l SensoriC 11
1 VOulpul I| |
" 1 |+ 1
| : Chromel . o - o oo e - - | oPAmMP !
| - i
: I I| - 11
| 1 I| 1
1 :TH :l 1
I ' H
| Veerll Bandgap W\ "
I, Alumel .: Reference : :
: " i
; Thermocouple | i1

| Temperature Sensor |

Figure 2.2 Thermocouple sensor interface block diagram. It consists of two part.
One is the thermocouple and the other is sensor IC consisting of the BGR and
OPAMP.

-11 -



2.2 Bandgap Reference Circuit

2.2.1 Principle of Conventional BGR

The BGR is the circuit that generates the constant output voltage to the other
circuits regardless of supply voltage, temperature and process variation. To
maintain the output voltage constantly independence to supply voltage, beta-
multiplier circuit is introduced later. The principle of conventional BGR is to add
PTAT voltage and complementary-to-absolute-temperature (CTAT) to maintain the
reference voltage regardless of temperature as shown in figure 2.3. The most
important thing is to match property between the PTAT voltage and CTAT voltage.
Conventionally, the base-emitter voltage has a temperature coefficient (TC) about

-2.2mV/TC in the BJT device [16].

-12 -



A
m

{b
Verar

Vprar
(0]
(=]
Veer, 2
(B s
v | Verar
CTAT IaZ/ R
Temperature
(b)

(a)
Figure 2.3 (a) Bandgap reference circuit diagram. Weighted factor is multiplied to

PTAT and CTAT voltage (b) Reference voltage curve.
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2.2.1.1 Current Bias Circuit

The current bias circuit is widely used to generate constant current to many
analog circuits such as operational amplifier (OPAMP), BGR and voltage regulator.
The conventional method to generate reference current is to use the current source

consisting of resistor as shown in figure 2.4 [1].

Iout

NM [ NM2

Figure 2.4 Conventional bias circuit consisting of resistor. Reference voltage flows
through NM2 connecting to current mirror with NM1.

-14 -



The output current is defined by reference current and the ratio of NM1 and NM2

like equation (4).

W/L
Loyt = Iref X ﬁ (4)
Alout — AVDD X (W/L)Z (5)

Ri+1/gm  (W/L)1

However, this structure is vulnerable to supply voltage variation due to AVp,
term at equation (5). The PTAT current and CTAT current should be independent
to the supply voltage. So, the circuit without the resistor is designed as shown in
figure 2.5. This circuit is coupled each gate voltage. Therefore, it has independence
about supply voltage as shown in equation (6). Butif I,.; is not defined, the output
current has indeterminate solution. Therefore, the reference current should be

defied.

Loye = K X Iref (6)

-15 -



Vpp

PM1 PM2

(W/L)p K(W/L)p

llref llout

NM1(—_II—QNM2

(W/L)n KW/L)y

Figure 2.5 Bias circuit independent to supply voltage by self-biasing.

Figure 2.6 shows the bias circuit having defined reference current independent

about the supply voltage as known as beta multiplier.

_ 2 LNz
Tour = N Cox(W/Dn B2 1 W?)

(7)

Therefore, the current mirror circuit using the beta multiplier is supply

independent current source as shown equation (7). The output current is defined

-16 -



by R, and the ratio of transistor size K. In this case, uyC,,(W /L)y termis called

as beta in equation (7). So, this structure is known as beta multiplier.

Vpp
PM1 PM2
N

NM
NM

R4

Iref —

Iout

Figure 2.6 Beta multiplier circuit schematic. Resistor determines output current.

=17 -



2.2.1.2 Complementary to Absolute Temperature

The CTAT voltage is generated at the semiconductor devices such as MOSFET,

BJT and PN junction diode. The conventional BGR uses the BJT devices to

generate the CTAT voltage. However, the BGR using the BJT is inefficiency about

the area and power consumption. Recently, the BGR using CMOS diode is widely

used instead of BJT. Conventionally, the MOSFET diode connection or the

parasitic BJT in the CMOS is used instead of conventional BJT as shown in figure

2.7 [17]. In this thesis, the BGR is consist of the NMOS diode in figure 2.7.

Source ] Drain Source
V - | : | ‘ V : - ‘
P-substrate P-substrate
(@) (b)

Figure 2.7 (a) Parasitic BJT in standard CMOS process and (b) NMOS diode
connection.

-18 -



At the BJT, the collector current is defined as shown equation (8) in the BJT.

Therefore, collector current is an inverse proportional to the absolute temperature.

4 4
Ic = Isexp (VLTE) = Isexp (qkiE) 8

Vp =— 9

Moreover, the base-emitter voltage is calculated applying same method. The

Vgg is defined as shown as equation (10).

Vgg = VrIn (j—z (10)

Is = bT**™exp (%) (11)

% = b(4+m)T3 M exp (;—b;") + bT**™ exp (;—?) % (12)
‘%%:(4+m)%+%w (13)

To calculate the voltage change rate for the temperature, equation (10) is

differentiated for the temperature.

-19-



OVee _ V1 (’_C) _Vrals (14)
arT ar  \Is) 15 or

where I is saturation current, b is proportional constant, and E; is silicon

bandgap energy. Therefore, the equation (15) is calculated by using the equation

(13) and (14).

Vee _ Vri (;_c) —U+m)T - Eg y  VeEZ(H+m)Vr_Ey/q (15)

T
ar T T kT2 T~ T

OVBE

o7 is defined the temperature coefficient of the base-emitter voltage

depending on the Vz; and the temperature.
At the MOSFET case, they has the CTAT characteristic when that is operated in
the weak inversion region [17 — 19]. The drain current is defined as equation (16)

in subthreshold region. Therefore, gate-source voltage is defined as equation (17).

(VGS _Vth) (16)

w
Ip = TIOexp e

-20-



Ip L

VGS = T]VT In (EW) + Vth (17)

Iy = .uCox(n - 1)[/7? (18)
Vth:VthO_kT:_f_z+(pb+%+:la(mj (19)
WVen _ 9. _ 1\ KB YNeNy) | 3] | n-1dEy
Vo= (2 - 1) & {ln(‘/Na )+2}+ — (20)
T
Ves(T) = Vgs(To) + Kq (T_o - 1) (21)

where 7 is subthreshold slope factor, ¢, is the difference between fermi level
and intrinsic level, N, is doping concentration of the channel, and ¢g; is the silicon

permittivity. Therefore, Vs decreases with temperature.

-21-



2.2.1.3 Proportional to Absolute Temperature

Figure 2.8 shows the PTAT current generation principle. The BJT Q1 and Q2

has different current density by differing the BJT size. When the current density is

difference, the AV is defined equation (18).

(@)

AVgg = Vgg1 — Ve2 (18)
nl, Iy
= VrIn(n) (20)
Vbp
nl, I,
° AVgs

NM1 NM?2

(b)

Figure 2.8 (a) PTAT current generation at the BJT case and (b) the MOSFET case.

-22 -



At the MOSFET devices, identical principle is applied such as BJT case.

AVgs = Vis1 — Vis2 (21)
= nVpIn (222) — pVyln (2222) (22)
=nvr Io W, nvr Iy W,

_ Ipi Ly Wa
=7nVrin (IDZ 2 Lz) (23)

Therefore, the PTAT current is generated by scaling the MOSFET NM1 and

NM2 size.

-23-



2.2.2 Operation Principle of Conventional BGR

Figure 2.9 shows the fully CMOS conventional BGR schematic. The
conventional BGR consists of three part. First part is beta multiplier generating the
constant current independent to supply voltage variation. The beta multiplier
should be operated in the saturation region to maintain the reference voltage. The
second part makes the PTAT current by scaling MOSFET size. Therefore,
generated current is defined by equation (6), which N is ratio of two MOSFET (NM3
and NM4) size. This current flows into third part due to the current mirror PM3. In
this part, the NM3 and NM4 is operated in the weak inversion region. Finally, the
output of conventional BGR is defined by equation (7). In this equation, the former

is PTAT voltage, while the latter is the CTAT voltage.

1
Iprar = 7 X1In (N) (6)

R
Vref = R_j X II’I(N) + VNMS (7)

- 24 -
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el
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Figure 2.9 Conventional BGR structure consisting beta multiplier, NMOS diode
connection stage to make PTAT property and output stage.
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2.3 Radiation Effect on Semiconductor Devices

Two types of effects can occur in semiconductor devices exposed by radiation:
single event effects (SEE) and cumulative effects. The SEE is a temporary effect
that can flip over digital bits in data storage such as D Flip Flop (DFF) and static
random-access memory (SRAM) in high-energy radiation fields like space.
However, a cumulative effect such as total ionizing dose (TID), is considered for

analog circuit system [20].

M
Total lonizing
Dose

~—
»| Cumulative
Effects ——

6amage fr—
N/ Single Event
Radiation Transient (SET)|
(
Single Event
Soft Error Functional

\Interrupt (SEFI))
\eeer/

| —
o ——
Single Event )
: Effects Single Event
Upset (SEU)

| —

)
Single Event
Latch-up (SEL)
| —

)
Single Event

Burnout (SEB)

) —

e ——,
Single Event
Gate Rupture
(SEGR)

Figure 2.10 Categorization of Radiation effects on the semiconductor
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2.3.1 Total lonizing Dose Effect

The permanent damage is generated when the semiconductor is irradiated by
radiation for a long time. This cumulative and long-term effect is known as total
ionizing dose (TID). It is primarily generated at the insulate layer such as silicon
oxide layer and shallow trench isolation region. When incident radiation penetrates
the oxide region of the MOSFET, it generates electron-hole pairs (EHP). Some
carriers are promptly recombined or escaped from the dielectric, but the other
carriers, especially holes, can be trapped in the insulator region and SiO2-Si
interface because the hole mobility is relatively slower than the electron [7-11]. This
cumulative damage causes performance degradation to CMOS devices in terms
of threshold voltage, leakage current, and noise. TID effect unit is defined by

ionization energy, Grays (1 J/kg, Gy) or rad (1 ergs/g) [20]

1 Gy =100 rad (20)
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Figure 2.11 TID effect on the standard NMOS structure. Threshold voltage shift
and leakage current path are made by trapped charge
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2.3.1.1 Threshold Voltage Shift

The threshold voltage is defined as a voltage when the transistor starts to
operate. The hole induced by radiation is trapped in the oxide layer or SiO»-Si
interface and changes the threshold voltage of MOSFET. The most trapped hole
is in the SiO.-Si interface when the positive voltage is applied at the NMOS.
Although the source-drain potential difference is zero, channel is slightly formed by
trapped hole in the SiO»-Si interface. Therefore, the threshold voltage decreases
at the N type MOSFET [21].

In case of PMOS, it has difference mechanism comparing to the NMOS. The
interface trapped holes pull the electrons located in the substrate and push the
channel charges which consist of hole. Therefore, the threshold voltage increases
along the number of holes. Mathematically, the threshold voltage shift generated

by the oxide trapped charges is defined as shown equation (11).

AV, = —ifox‘”‘ XPox (X)dx (11)
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where ¢,, is the dielectric constant, x,, isthe oxide thickness, p,, isthe volume
density of charge in the oxide, and x is the position in the oxide. The threshold
voltage shift induced by trapped holes at the SiO.-Si interface is shown equation

(12).

AV, = — nt (12)

Cox

where Q;,: is the charge of trapped hole in the SiO»-Si interface. Therefore, the
total threshold voltage shift is calculated as the sum of equations (11) and (12) as

shown in equation (13).

1 in
AVin = AVr + AV = = = [ X () — 2 (13)
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Figure 2.12 MOS energy band diagram and total ionization effect [22]. Trapped
charges in SiO2 are moved to interface area when gate voltage applied and
generate TID effect.
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2.3.1.2 Leakage Current

In the modern CMOS process, shallow trench isolation (STI) technique is
widely used to prevent to interact with neighboring MOSFET. However, in the
extremely environment, holes induced by radiation are trapped in STI region. the
trapped holes pull the electron at the non-channel area and form the parasitic
channel in the NMOS as shown figure 2.13. The leakage current cause the
degradation of the circuitry system such as BGR output variation. Particularly
NMOS devices is more vulnerable than PMOS. Since, the MOSFET scaling down
reduce the number of trapped hole and the parasitic channel consisting of hole is

not formed due to the rebelling force against the trapped charge in STI [22-24].
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Figure 2.13 Leakage current path induced by radiation. Trapped charges at the
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2.3.2 Single Event Effects

High energy radiations such as alpha ray, proton beam have a significant effect
on the digital system including the DFF, SRAM, Analog Digital Converter (ADC)
and Digital Analog Converter (DAC). The high energy patrticle generates EHP while
losing the energy about 3.6 eV per one pair. The most EHP is promptly recombined
but some pair is collected at the reverse biased PN junction in MOSFET. The
collected EHP generates the errors such as bit flip, glitches and current spike.
Figure 2.13 visualizes the SEE mechanism [20]. The SEE is divided into two types:
a soft error and a hard error.

The soft error is temporary effect to reverse bit while it could maintain the circuit
operating. Sigle Event Transient (SET), Single Event Functional Interrupt (SEFI)
and Sing Event Upset (SEU) are included in the soft error. The SEU is the
phenomenon that could change the digital logic from ground level (0) to high level
(1) by transferring the energy of particles. The SET is mainly occurred in the

analog-digital mixed system and disturbs data processing by propagating the
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signal induced by single event. Except SEU and SET, all kind of general error is

called as the SEFI [25].

The semiconductor devices could be broken down, since the large current which

the high energy heavy ion generates flowed at the circuit. Therefore, the hard

errors including Single Event Latch-up (SEL), Single Event Burnout (SEB) and

Single Event Gate Rupture (SEGR) is classified as permanent effect [26].
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Figure 2.14 Single event effect induced by heavy ion mechanism. (a) Electron-hole
pairs are generated by radiation. (b) Free electrons float the P-substrate and (c)
move to drain region. (d) Collected electron at the drain generate a various error
such as bit flip, glitches and current spike.
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2.3.3 Radiation Effect on the BGR

The bandgap reference circuit is affected by radiation. The MOSFET process
technology is developed to have radiation tolerance. The SOI technique highly
increase the resistant of SEE. However, the TID effect could be still discussed due
to parasitic channel induced by radiation at the field oxide. The TID effect changes
the semiconductor characteristics such as threshold voltage and leakage current.
Therefore, the circuit operating point is changed by accumulation effect. Moreover,
the leakage current increase cause the PTAT current increase. So, the reference
voltage increase too. However, radiation effect is difficult to exactly anticipate
because it depends on the MOSFET process and radiation type. Figure 2.15 shows
the radiation experiment results on the BGR circuits from previous researches [7,

10, 11]..
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Figure 2.15 Radiation effect on the BGR circuit. (a) Radiation hardened BGR made by Gromouv. It is irradiated
by x-ray up to 40 Mrad [7]. (b) Ying Cao BGR is irradiated up to 450 Mrad [10]. (c) These BGR is designed by M.
McCue and irradiated by gamma ray up to 600 krad [11].
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3. Proposed

3.1 Principle of Proposed BGR

The proposed radiation hardened by design (RHBD) BGR is to exploit the
difference between two output reference voltages, equation (14) and (15), from the
identical temperature and radiation characteristics, as shown in figure 3.1 (top).
The concept is realized by utilizing two similar BGR circuits in terms of CMOS size,
structure, and resistor values. If a supply voltage applied to one BGR circuit is
decreased, the PTAT current on the PM3 decreases either due to the channel-
length modulation effect in the saturation region, resulting in a decreased output
reference voltage. Thus, these circuits are supplied by different supply voltages for

generating different output reference voltages.

R
Veer) = R_i X Irer1) + Vms ) (14)

R
Vier2) = R_i X lrep2) + Vms(2) (15)
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Since the two BGRs with the same TC and TID effects, the variation induced by
temperature and radiation can be minimized by subtracting the two internal
reference voltages, as shown in figure 3.1 (bottom). The final reference voltage of

the proposed circuit is calculated as the difference between the reference voltages

of two identical BGR circuits such as equation (16).

R
Veer = R_j (Iref(l) - Iref(z)) + (VNMS(l) - VNMS(Z)) + (AVrga1) — AVraacz))  (16)

Vier1y
= Vief2)

Veer = Vier1) = Vref(2)

Viera I

Voltage

Vier(2)

Voltage

Veer = Vrer(1) = Vres2)
Exposed Radiation Dose

Temperature

R,
Vierct) HAViaaqn) Vieer = R, (Irepy = Irepy) + (Vmsy — Vams@)

§+(Avrad(1) = Avrad(z))i
Eliminated Term by Using
Proposed BGR

Radiation Dose Effect Term

Vier2) H8Viaa2)

Fig. 3.1 Concept of proposed bandgap reference by subtracting temperature and

radiation variations.
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Figure 3.1 Concept of proposed bandgap reference by subtracting temperature
and radiation variations. Figure 3.2 describes an entire architecture of the
proposed BGR. Two conventional reference circuits applied by different supply
voltages, 2.8 and 1.5 V, respectively, are designed involving startup circuits. The
output of each BGR is connected to a source-follower buffer to match the
impedance of the BGR circuit with the input impedance of the subtractor. As | said
at chapter 2.3.1, PMOS is generally insensitive to the TID effect than NMOS. Since,
the parasitic channel consisting of hole is not formed. Therefore, the source
follower is designed by using PMOS. The two reference voltages, 736 and 693 mV,
respectively, are subtracted by the subtractor, consisting of a two-stage OPAMP
and a feedback resistor. Table 3-1 shows the OPAMP specifications.
Consequently, the proposed circuit generates a stable final reference voltage of
275 mV, regardless of the temperature and radiation variations. Figure 3.3 shows

the whole circuit was designed in a 0.18 uym standard CMOS process.
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Table 3-1. OPAMP specifications

Supply voltage 33V
DC gain 72.5dB
Bandwidth (UBGW) 149 MHz
Bandwidth (3dB) 35 kHz
Phase margin 63.5°
Slew rate 160 V/us
CMRR 62 dB
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Figure 3.2 Architecture of proposed RHBD BGR block diagram and detailed schematic. It consists of the three
parts: voltage subtractor, buffer, and bandgap reference core.
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Chip Detail
Parameter Conventional ‘ Proposed
CMOS Technology Standard 180 nm
; Temperature Range (°C) 20-110

[P0k | Supply Voltage (V) 2.8 28/15
T : 3 A Power Consumption (W) 414 1716
; 7 ST . : § Reference Voltage (V) 0.736 0.275

BGR core Temp eri;lg;"(o:&efﬁcuent 289 29
AV (due to radiation) @ZN:;r('i‘(vSi 0,) @ZIVSI;'iZ‘(\éi 0,)

Core Size (mm?) 0.012 0.035

Figure 3.3 Architecture of proposed RHBD BGR block diagram and detailed
schematic.
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4. Experiment Results of Proposed BGR

4.1 Temperature Experiment

Figure 4.1 shows the temperature test environment. The experiment was
conducted at the rate of 1 C/min from 20C to 110C in a temperature chamber.
The output temperature on the display of chamber is measured by thermometer on
the top side. Therefore, the plate temperature is not the same the output
temperature. So, the design under test (DUT) was suspended in the air so as not
to heat by hot plate of chamber during the test. Figure 4.2 presents the temperature
experiment result

By the experiment result, the maximum voltage variation of the proposed design
shows 0.26 mV, while conventional circuit produces 26 mV, and the TC is 2.9 and

289 ppm/C, respectively. The temperature test result shows that the proposed

structure is more stable about 97.45 % than that of the conventional design.
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4.2 Irradiation Experiment

The irradiation test was carried out via a Cobalt-60 source with high-level activity
of 490 kCi at the Korea atomic energy research institute, as shown in figure 4.3.
The BGR chips were exposed by radiation up to 2 Mrad (SiO2) for 20h. The DUT
board was faced toward the Cobalt-60 source; the other measurement instruments
were located beyond a 30 cm thick wall to prevent radiation effects to the
equipment.

Figure 4.4 shows the irradiation test result. The conventional BGR shows the
maximum radiation error of 16.7 mV and average error of 13 mV, while the
proposed design shows 9.5 and 5.2 mV, respectively. The final reference voltage
shows the slight fluctuation with the irradiation dose increase even after the
radiation effects are canceled by the proposed technique because the two
conventional BGRs can be influenced by the TID effects differently due to the
device mismatches of process, voltage, and temperature (PVT) variations.
Nevertheless, the test result shows that the proposed circuit is less susceptible

than the conventional BGR regarding radiation effects.
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4.3 Behavioral Verification Experiment as CJC circuit

Figure 4.5 shows an experiment result of the proposed BGR circuit coupling with
a thermocouple for a temperature range of 30°C to 420°C. The output voltage was
recorded for 2 min at each temperature every 30°C.

As a test result, the thermocouple output indicates 274.3 mV at 30°C and 291.4
mV at 420°C. The total voltage shift shows about 17.1 mV, and the thermal
electromotive force is calculated about 43.8 um/°C for the temperature change of
390°C. It shows that the proposed BGR is verified as a CJC circuit with the proper

linearity of the thermocouple.

Figure 4.5 Thermocouple experiment environment.
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4.4 Multi-chip measurement method

The multi-chip test should be conducted to analyze the BGR properties
distribution about the temperature, the supply voltage and the radiation at least 15

chips. So, this part introduces the multi-chip measurement experiment method.

4.4.1 Multi-chip measurement device

Multi-chip measurement device is introduced in this paper. Conventional BGR
and proposed BGR are involved in the one chip. So, when use fifteen chip total
output is thirty that is too many to measure using the oscilloscope. Fig. 4.7 shows
the multi-chip measurement device block diagram. The PCB outputs connect with
measurement device that is controlled by Labview program. The device switches
the output data step by step. So, the BGR outputs sequentially input to the
oscilloscope. The oscilloscope measures the voltage level and transfer these data

to the PC. Fig. 4.8 represented the multi-chip measurement device.
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Figure 4.7 Multi-chip measurement device block diagram. PCB is provided the
supply voltage from power supply. PCB outputs sequentially input to the
Oscilloscope going through the multi-chip measurement device.
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Figure 4.8 Multi-chip measurement device. Arduino boards is controlled by
Labview program and then the input data output in serial order.
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5. Conclusion

This thesis presents the RHBD BGR design technique by using two conventional
BGR circuits. The BGR circuit is used in a various radiation environment such as
nuclear power plant, military, medical, and space industry. Particularly, the
thermocouple sensor interface with BGR is widely used in nuclear power plant to
monitor if the reactor temperature is too high or low. However, the BGR output
voltage is variated by radiation effect including TID effect. Therefore, the
temperature could be accurately measured and it threatens the safety of nuclear
power plant. Therefore, this thesis is conducted to maintain reference voltage in
the radiation field and present the RHBD BGR topology and experiment result.

The previous researches demonstrated the ELT structure has radiation
tolerance. However, these devices are difficult to design and simulation and require
large area. Therefore, the proposed design is implemented by standard 0.18 ym
process which is different to previous researches that are used ELT structure. The

key idea of RHBD BGR is to remove the error induced by radiation by subtracting
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reference voltages of two identical BGRs, resulting in supplying the constant output
voltage. Prior to design, there are two problems. First, the radiation induced error
should be identical. It was settled by utilizing two identical BGR. Second, the
difference of two reference voltage is not zero. Therefore, they could have different
output voltage level. This problem was resolved by differing the supply voltage. So,
the two identical BGR has different output voltage due to channel length
modulation effect.

The temperature and irradiation experiment was conducted to demonstrate to
retain stable reference voltage level regardless of external environment. The result
of the radiation experiment shows that the conventional BGR shows the maximum
radiation error of 16.7 mV and average error of 13 mV, while the proposed design
shows 9.5 and 5.2 mV, respectively. Therefore, the proposed reference voltage
supply was assessed to be 97.45 % more stable for temperature and 60 % more

stable for radiation.
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