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Cold Junction Compensation Technique of
Thermocouple Thermometer Using
Radiation-Hardened-by-Design Voltage Reference
for Harsh Radiation Environment
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Abstract—This article introduces a radiation-hardened-by-
design (RHBD) cold junction compensation (CJC) circuit to
compensate for the voltage variation at the cold junction of a
thermocouple used in a nuclear power plant (NPP) to detect
the reactor temperature. The key idea of the RHBD circuit
is to cancel the error induced by radiation, subtracting two
reference voltages. In this design, two conditions should be
satisfied to realize the first-order cancellation. First, the two
voltages should have similar changes according to tempera-
ture and radiation. Therefore, two identical voltage generators
are used in the proposed circuit. Second, the two reference
voltages might have different values. The proposed -circuit
was fabricated using general purpose 0.18-um complementary
metal-oxide-semiconductor (CMOS) technology with a shallow
trench isolation (STI) process. The RHBD CJC circuit showed a
reference voltage of 275 mV at room temperature. The final out-
put voltage variation was 5.2 mV under irradiation up to 2 Mrad,
and the temperature coefficient (TC) was 2.9 ppm/°C in a range
of 20 °-110 °C without additional trimming and annealing. The
proposed circuit showed improvements of 60% and 90% for
the radiation effect and temperature variation, respectively,
compared with the conventional reference circuit. The active
area and power consumption were 0.035 mm’ and 1.716 mW,
respectively.

Index Terms— Bandgap reference (BGR) circuit, cold junction
compensation (CJC) circuit, CJC, first-order cancellation, radi-
ation hardening, radiation-hardened-by-design (RHBD) circuit,
temperature sensor, total ionizing dose (TID) effect.
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I. INTRODUCTION

N NUCLEAR power plants (NPPs), various measurement

instruments are used to monitor various internal envi-
ronment conditions that can be critical for safety, including
the temperature, pressure, and radiation dose. In particular,
temperature is a major parameter that is used to monitor the
state of a reactor and determine whether it is operated at
the safety point. Thermocouple systems (TCSs) with excellent
characteristics, such as linearity, a wide range, a low cost, sta-
bility, and durability, are widely installed in NPPs to observe
the reactor temperature [1], [2], [3], [4], [5].

A thermocouple sensor is based on the Seebeck effect,
which changes the voltage potential between two different
metals when the temperature varies, as shown in the following
equation [2], [5]:

Ve =S-(Ty — T¢) (1)

where S is the Seebeck coefficient, Ty is the temperature
of hot junction (or measurement junction), and T¢ is the
temperature of cold junction. The temperature of measurement
junction can be calculated based on the potential difference
between the metals, where the other side is fixed at a specific
value, which is known as cold junction compensation (CJC)
[51, [6].

The integrated circuit (IC) can be generally used to com-
pensate the cold junction, such as conventional complemen-
tary metal-oxide—semiconductor (CMOS) bandgap reference
(BGR) circuits. The reference circuit provides a constant
voltage to other circuits regardless of changing conditions,
including process, supply voltage, and temperature (PVT)
variations [7], [8], [9], [10].

Fig. 1 shows a thermocouple sensor system, which con-
sists of a k-type thermocouple, which is well known as the
most universal type, and an IC. The k-type thermocouple is
composed of two terminals. The positive side is Chromel,
and the negative side is Alumel [11]. On the negative side,
a BGR for the CJC supplies a constant voltage, while the
positive side is connected to an operational amplifier (OPAMP)
to amplify the voltage difference. In this case, when the
temperature of measurement junction is changed, the Chromel
side thermoelectric is changed depending on the average rate
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Fig. 2. Conventional voltage reference core circuit and output voltage under
ideal and real conditions. Ideally, the reference voltage might be constant.
However, in reality, the output voltage can vary as a result of a leakage
current increase and threshold.

of 42 uV/°C that is generally known as thermal electromotive
force of k-type thermocouple. An error of a few millivolts at
the cold junction side can result in a temperature error of tens
of degrees. For this reason, a reference voltage should supply
a constant value to retain a stable output regardless of any
changes in the external environments.

When the thermocouple thermometer is used in NPPs,
radiation can dominantly affect to the cold junction IC. Total
ionizing dose (TID) effect is well known as that it can critically
degrade the performance of electronic circuit systems [12],
[13]. When incident radiation penetrates the oxide region
of the metal-oxide—silicon field-effect transistor (MOSFET),
it generates electron—hole pairs (EHPs) [7]. Some carriers
are promptly recombined or escape from the dielectric, but
other carriers, especially holes, can be trapped in the SiO,
or SiO,-Si interface [14]. The cumulative damage causes
performance degradation in CMOS devices in terms of a
threshold voltage shift, leakage current increase, and noise
increase [15], [16]. Therefore, ways to mitigate the TID effect
should seriously be considered for the ICs in NPPs.

In the case of a CJC circuit, such as BGR, a reference
voltage can be changed by the TID effect, as shown in Fig. 2.
It is well known that the diodes of a BGR circuit, consisting
of NM3, NM4, and NM5, are the most vulnerable devices
in a BGR structure because of the leakage paths formed by
radiation [9], [10].

A previous study claimed that an edgeless structure can be
used to reduce the radiation effect on a MOSFET, which is
called an enclosed layout transistor (ELT). The ELT does not
have an edge that can cause a parasitic channel when radiation
penetrates the CMOS [17]. It has already been verified that
a radiation hardened structure has low sensitivity to the TID
effect [7], [8], [9]. However, an ELT has some penalties related
to the difficulty of design and electrical model [18]. The circuit
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Fig. 3. Concept of the proposed CJC circuit. (a) Basic principle of radiation
hardening and (b) mathematical diagram showing output voltage shift removed
by subtracting temperature and radiation variations.

design could be complicated for the engineers due to the
uncommon process in terms of wiring and arrangement of
the transistor in the layout. In addition to the complicated
design, the circuit designers could not accurately simulate
the circuit behaviors because it was difficult to develop an
electrical model of the ELT structure. Therefore, the reliability
could be lower than that of a standard commercial CMOS
process [19], [20].

Other researchers introduced radiation hardening methods
without specific structures to overcome the disadvantages of
the ELT using the circuit design technique called radiation
hardened by design (RHBD) [21], [22], [23], [24]. This article
shows how the proposed CJC circuit can be implemented with-
out using the ELT structure but using standard MOSFETs for
radiation hardening in the complementary 0.18-xm process.

II. CIRCUIT DESCRIPTION
A. Strategy of Circuit Design

In this article, the first order cancellation technique is
introduced by using a voltage subtracting circuit to minimize
the radiation effect.

Fig. 3 shows the concept of the proposed RHBD CIC
circuit. The key idea is that the voltage variation induced
by the external environment can be minimized by subtracting
the two voltages that have identical temperature and radiation
characteristics, as shown in Fig. 3(a). Although the voltage
variation is generated by radiation, as expressed as A Vi,
a final constant output can be maintained by subtracting each
voltage error, as illustrated in Fig. 3(b). The detailed technique
is explained in Section II-B.

B. Operation Principle

Two conditions are considered to realize the RHBD CJC
circuit implementation. First, the two voltages should have
similar variation patterns according to radiation and tempera-
ture as aforementioned. Thus, the voltage generation parts are
identically designed in terms of the MOSFET size, structure,
and resistor value to satisfy the first condition. The TID effect
is depending on the circuit structure, bias, and defects on
the material and so on [7], [10], [15], [16], [17]. Therefore,
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Fig. 4. Simulated output reference voltages of two voltage generators when
two circuits are provided with different bias voltages. The reference voltages
have similar TCs. Moreover, the difference between the two voltages is stable
under various temperatures.

the identical structure might reduce the mismatch probability
generated by TID effect. Second, the two voltages have differ-
ent values to generate voltage difference (Vpis). The voltage
generator parts are biased by different voltages. Therefore,
even though the voltage generators are designed identically,
they can generate different output voltages.

Fig. 4 shows the results of a simulation to verify whether
two conditions were feasible when supplying the two gener-
ators with different bias voltages in the range of —30 °C to
+125 °C. The two voltages were 730 and 690 mV when the
bias voltages of the two voltage generators were 2.8 and 1.5V,
respectively. The voltage difference (Vpir) was calculated
to be 38 mV. The temperature coefficients (TCs) of the
voltage generators and Vpi were 45 ppm/°C and 15 ppm/°C,
respectively. Therefore, the method for providing the reference
voltage using different bias voltages is valid.

C. Implementation of the Proposed RHBD CJC Circuit
Structure

Fig. 5 shows the proposed RHBD CJC circuit architec-
ture consisting of two identical voltage generators with two
source follower buffers and a voltage subtracting circuit.
As aforementioned, two voltage generator circuits are designed
identical specification in terms of MOSFET and resistor size.
The differentiating mark is used to prevent to confuse in the
subsequential equation derivation. All the bias voltages are
provided by using external equipment, whereas the reference
voltages are generated by reference circuit in this article.
Table I shows the specifications of the OPAMP for voltage
subtractor, which generates the final output voltage in the pro-
posed circuit. These properties were simulated after extraction
of parasitic capacitance and resistance.

Two generator circuits are supplied with different bias
voltages, Viias1 and Vs, as mentioned before. The voltage
generator is designed by using the conventional BGR structure.
The proportional to absolute temperature (PTAT) current is

2005807

TABLE I
SPECIFICATIONS OF DIFFERENTIAL AMPLIFIER FOR SUBTRACTING
Design parameter Value
Open loop gain 72.5dB
Phase margin 56.5°
Power consumption 750 uW
Supply voltage 33V
Gain bandwidth product 48 MHz
Miller capacitance 500 fF
Input impedance 87 kohm
Output impedance 2.4 kohm

obtained by the ratio of the diodes, NM3 and NM4. The

current mirror, consisting of PM1, PM2, and PM3, can provide

the PTAT current to R, and NM5. The PTAT current in a

conventional BGR is expressed in the following equation [26]:

VR,

Iptar = R 2)

The PTAT voltage generated across resistor R, is expressed
in the following equation:

Koy 3
R VR 3)

In addition, the complementary to absolute temperature
(CTAT) voltage of NMS5 (Vnwms), which is decreased by tem-
perature, can cancel out the temperature change in the circuit
system. Consequently, the total reference voltage is simplified
as follows:

Verar =

R
Viet = R—VR, + Vamis. 4)
1

The voltage shift induced by radiation is added to the
following equation and expressed as A Viq:

R
Viet = R_ZVRI + Vims + A Viag. %)
i

As previously mentioned, the two voltage generators have
different bias voltages to generate a difference between the
two reference voltages. The reference current (I = Iprar)
decreases in the BGR provided a lower bias voltage. Moreover,
the low current causes a decrease in the CTAT voltage applied
at the MOSFET diode. Therefore, the reference voltages of
the two BGR circuits have different values, as expressed in
the following equations, based on (5):

Ry

Viet(1y = R_VR1 + Vams + AViag (6)
i
Ry

Viet2) = R Vg, + Vams + A Vi @)
B

By simple subtraction, the difference between the two
reference voltages is defined by the following equation:

Vbitt = Veet(1) — Vet @)
R
= RTZ(VR, — Vi) + (Vs — Vwis)
1
+ (AVrad - AVrad’)' (8)

The subtracting circuit consists of a traditional two-stage
OPAMP and four resistors. According to the OPAMP feedback
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Photograph of the proposed RHBD CJC circuit and conventional

loop system, the final output value of the subtracting circuit is
determined by the resistor ratio, which is described as follows:
Rs

Voul -

[ Ve, = Vg,) + (Vams — Viws')
R4

+ (A Vrad —A Vrad’):|- (9)

IIT1. EXPERIMENT RESULT

A chip die photograph is shown in Fig. 6. The RHBD CJC
circuit was fabricated using a 0.18-um general purpose shal-
low trench isolation (STI) process. The chip had one proposed
CIJC circuit and one conventional BGR circuit to compare the
performance. The chip’s active areas were 0.035 mm? for the
proposed CJIC and 0.012 mm? for the conventional BGR. The
proposed circuit provided a final reference voltage of 275 mV
when two voltage generators in the RHBD CJC were supplied
with different bias voltages: 2.8 and 1.5 V. The conventional
BGR circuit output was 730 mV at room temperature when a
bias voltage of 2.8 V was applied.

In this study, three types of experiments were conducted:
irradiation, temperature, and thermocouple operation tests.
Fig. 7 shows the irradiation test environment and results. The

30
2 7AV3,,g pro= 5.2mV AVpmaxpro= 9.5mV. |
E 10
= o0
E i e ) MV avgcony = 13MmV .
< 20 ¥
= = = Ce ti | BGR
90 AV maxcony= 16.TMV praposed CIC irait
40 | | | | |
0 02 04 06 08 1 12 14 16 18 2
Exposed Radiation Dose (Mrad)
()
Fig. 7. (a) Irradiation facility for radiation experiment and (b) output

reference voltage changes of the conventional and proposed CJC circuits
versus irradiation dose.

Cobalt-60 gamma ray source at the Korea Atomic Energy
Research Institute (KAERI) was used for the irradiation test,
with a high-level activity of 490 kCi. The testing board was
exposed to up to 2 Mrad (Si0O,) at a rate of 100 krad per hour.

The design under test (DUT) board was placed at a distance
of 1 m from the radiation source [see Fig. 7(a), top]. The
radiation source was placed underwater to shield the radiation
during the setup of the experimental equipment [see Fig. 7(a),
bottom] and then raised to the surface when the experiment
began. Fig. 7(b) presents the test results, showing that the
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TABLE 11
COMPARISON OF PERFORMANCE WITH THOSE OF OTHER RADIATION HARDENED BGR CIRCUITS

This Work

parameter Conventional | Proposed 7] (8] ] [10]

Technology Complementary 180 nm 130 nm ELT 180 nm ELT 65 nm ELT 130 nm
Temperature Range (°C) 20-110 37.5-100 -25-125 -40 — 80 -40 — 125

Power Consumption 414 pW 1.716 mW N/A 240 pW 570 yW N/A

Supply Voltage (V) 2.8 33 N/A 1.2 5 1.5

Reference Voltage (V) 0.736 0.275 0.527 0.33 1 0.6

Temperature Coefficient (ppm/°C) 289 2.9 9.1 130 141 15
AV....(due to the radiati 13 mV 52mV 6 mV 33 mV 54 mV 18 mV

s (due to the radiation) @2 Mrad @2 Mrad @1 Mrad @800 Mrad @300 krad @4.5 Mrad
Die size (mm?) 0.012 0.035 N/A 0.018 0.035 0.7

T Moo = = =
Temperature Chambe

P
AVingy,cony= 26mV

7
AV g pro= 0.26mV

30 = Conventional BGR
- Proposed CIC circuit
T

40 I
20 30 40 50 90 100 110

AV ggp(mV)
>

60 70 80
Temperature (°C)

(b)

Fig. 8. (a) Temperature experiment environment and (b) output reference
voltage changes of the conventional and proposed CJC circuits versus tem-
perature.

proposed RHBD design had a maximum radiation error of
9.5 mV and an average error of 5.2 mV, whereas the conven-
tional BGR had 16.7 and 13 mV, respectively. The radiation
sensitivity improved by 43% for the maximum error and 60%
for the average error.

The temperature experiment was conducted at a rate
of 1 °C/min from 20 °C to 110 °C in a temperature chamber,
as displayed in Fig. 8(a). The test result is shown in Fig. 8(b).
The maximum voltage variation of the proposed design was
0.26 mV, while that of the conventional circuit was 26 mV,
and the TCs were 2.9 ppm/°C and 289 ppm/°C, respectively.

The test results showed that the proposed RHBD CJC
circuit output a relatively constant voltage with irradiation
dose and temperature increases without calibration, while the
traditional reference circuit was not compensated. Therefore,
the proposed reference circuit was less susceptible than the
conventional BGR.

Fig. 9 shows the experiment result and test environment
of the proposed CJC circuit coupled to a thermocouple for
a temperature range of 30°-420 °C. The negative lead was

Measurement
Junction

s
E
S -0
<
20 - 4
-30 - CJC circuit output
~  Thermocouple output
“% 60 9 120 150 180 210 240 270 300 330 360 390 420
Temperature (°C)
(b)
Fig. 9. Operation test of CJC. (a) K-type thermocouple is coupled with

the RHBD CJC circuit at the negative lead. The positive lead is connected
to an oscilloscope to observe the change in the output. (b) Output reference
voltage changes with the thermocouple output and proposed CJC circuit versus
temperature.

Rs
WA
Vbias1 Voltage
generator (1)
Vbias2 Voltage
generator (2)

Fig. 10. Effect of the OPAMP offset on the RHBD CIJC circuit. Offset source
is in front of the negative port of the OPAMP.

connected to the RHBD circuit, while the output voltage of the
positive lead was recorded for 2 min whenever the temperature
of the measurement junction increased by 30 °C. The output
voltage was expected to increase with the temperature of the
measurement junction, as shown in Fig. 9(a). As seen in the
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test result of Fig. 9(b), the thermocouple output was 274.3 mV
at 30 °C and 291.4 mV at 420 °C. The total voltage shift was
17.1 mV, and the thermal electromotive force was calculated
to be 43.8 uV/°C for a temperature change of 390 °C. This
verified that the proposed circuit could be used as a CJC circuit
with the proper linearity for a thermocouple.

Table II shows a comparison of the performance measure-
ments of the proposed RHBD circuit. This work achieved
relatively low variation with the radiation effects, with a good
TC without calibration and an ELT structure. The power
consumption was measured higher than other reference circuits
because the entire design contains additional circuits, such as
subtractor, two reference circuits, and buffers, requiring higher
power. Since the power is provided by the external equipment,
the power consumption is not a critical property in this work
for NPPs.

IV. DISCUSSION OF MISMATCH

This section analyzes two mismatch types. The first is
between the two voltage changes due to the radiation. The
RHBD CIJC circuit is based on an assumption that the radiation
effects on the two voltage generators are identical. Although
two identical voltage reference cores are used to minimize
the radiation effect in the proposed circuit, the TID effects
are not identical for several reasons, such as the bias voltage,
probability of EHP generation, and electric field strength
as aforementioned. The PTAT current level initially changes
unpredictably during the accumulation of radiation in the
circuit. The initial fluctuation of a reference voltage may
produce different behaviors in the voltage generators, but these
changes will appear in identical directions, increasing the
leakage current over time. Therefore, in environments where
the chip is continuously exposed to radiation, such as NPPs
and space, a radiation effect mismatch may not have a critical
impact on the OPAMP input.

Second, the process mismatch is discussed. Generally,
the reference circuit would need to be trimmed by con-
trolling resistor R, to minimize the temperature variation
because a mismatch can occur during the fabrication. Although
the reference voltage varies as a result of the mismatch
effect, the two voltage generators could generate a constant
voltage if they have identical mismatches in the proposed
schematic. Therefore, the BGRs are not required to calibrate
for the mismatch, which is minimized in the proposed circuit,
compared with the conventional circuit. As verified in the
temperature experiment, while the conventional design dose
not compensate the reference voltage, whereas the proposed
CIC circuit provided a stable voltage with the temperature
change.

In terms of subtracting circuit, the OPAMP has an offset
voltage at the input port. Fig. 10 shows the offset in the
proposed RHBD CIC circuit. The errors cause the variation
of the output as expressed in the following equation:

(10)

Rs
Vou,os = | 1 + — ) Vos.
R4

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022

By using superposition, the output voltage of the proposed
CIC circuit is defined in the following equation:
Rs| Ry
Vouw = — | 5 (Vr, = Vg )+ (Vams — Vams)
Ri| Ry !

+ (AViag — AVia) + Vos:| + Vos. (11)

Therefore, if R; and R, ratio is larger than R4 and Rs ratio,
offset will be reduced.

V. CONCLUSION

The radiation hardened CJC circuit was implemented using
the 0.18-um STI process without a specific device to mitigate
radiation effects. The TID effect is considered as noise term in
voltage form in this article. To minimize the radiation effect,
the circuit exploits the first-order cancellation technique, which
subtracts the outputs of two voltage generators. These circuits
are supplied by different bias voltages to generate different ref-
erence voltages. By subtracting the two reference voltages, the
RHBD CIC circuit can provide a constant voltage regardless
of radiation and temperature variations.

The proposed CIC circuit achieves an average radiation
error of 52 mV and a TC of 2.9 ppm/°C in the range
of 20°-110 °C, while the conventional bandgap circuit had
values of 13 mV and 289 ppm/°C, respectively. Therefore,
the proposed circuit showed improvements of 60% and 90%
for radiation and temperature variations compared to the
conventional BGR, respectively.

The subtractive solution is simple, but it is effective to
cancel out the radiation effects in the circuit level. It was also
verified that the design could be utilized for the CJC of a
thermocouple temperature sensor in radiation environments.
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