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ARTICLE INFO ABSTRACT

Keywords: This paper presents a radiation-hardened-by-design preamplifier that utilizes a self-compensation technique with
Radiation detector readout system a charge-sensitive amplifier (CSA) and replica for total ionizing dose (TID) effects. The CSA consists of an
Preamplifier

operational amplifier (OPAMP) with a 6-bit binary weighted current source (BWCS) and feedback network. The
replica circuit is utilized to compensate for the TID effects of the CSA. Two comparators can detect the operating
point of the replica OPAMP and generate appropriate signals to control the switches of the BWCS. The proposed
preamplifier was fabricated using a general-purpose complementary metal-oxide-silicon field effect transistor
0.18 pm process and verified through a test up to 230 kGy (SiO5) at a rate of 10.46 kGy (SiO2)/h. The code of the
BWCS control circuit varied with the total radiation dose. During the verification test, the initial value of the
digital code was 39, and a final value of 30 was observed. Furthermore, the preamplifier output exhibited a
maximum variation error of 2.39%, while the maximum rise-time error was 1.96%. A minimum signal-to-noise
ratio of 49.64 dB was measured.

Radiation-hardened-by-design
RHBD preamplifier
Charge-sensitive amplifier
Binary weighted current source

1. Introduction

A preamplifier is an essential component in various measurement
systems because it performs the crucial function of extracting and
amplifying the signal generated by the interaction between a detector
and the target being measured [1]. Moreover, a preamplifier can achieve
a high signal-to-noise ratio (SNR) by amplifying a weak signal and
minimizing the noise [2]. A preamplifier is typically positioned at the
first stage of the detector readout interface, directly influencing the
overall detection efficiency and energy resolution of the system [3,4].
Preamplifier architectures vary depending on the type of signal gener-
ated by the detector, which could be a voltage type, charge type,
conductive type, or resistive type [5-7]. Thus, the preamplifier should
be designed to match the specific characteristics of the sensor and
optimize its performance.

A charge-sensitive amplifier (CSA) is commonly used to convert the
charge signal of a radiation detector into a voltage, such as in ion
chambers, scintillators, and fission detectors, as shown in Fig. 1 [8,9].
The conventional CSA consists of an operational amplifier (OPAMP),
feedback resistor (Rr), and feedback capacitor (Cr). The CSA output is
directly proportional to the amount of input charge (Qi,), as determined
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by Eq. (1).
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Here, Ay is the open loop gain of the OPAMP, and Cy,, is the detector
capacitance. If the detector capacitance is lower than (A + 1)Cy, the
output voltage can be found using (2) [8-10].
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F
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The performance of a CSA, which uses silicon semiconductor devices,
degrades as a result of radiation effects, which can occur in various ra-
diation environments, including nuclear power plants (NPPs), military
settings, space, and radiation therapy applications [11-15]. Two types
of effects can occur in irradiated semiconductor devices: single event
effects (SEEs) and total ionization dose (TID) effects. SEEs are mainly
generated by high-energy particles such as neutrons, protons, and alpha
particles [12]. Thus, SEEs are primarily a concern in the space industry.
SEEs cause two types of errors. Soft errors can flip over digital bits in
data storage such as D flip flop (DFF) and static random-access memory
(SRAM) components in high-energy radiation fields like the space
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Fig. 1. System diagram of a radiation detector. Charge-sensitive amplifier ex-
tracts signal from detector and amplifies the signal. The amplified signal is then
transmitted to a shaping amplifier and discriminator for signal processing.

environment [13]. Hard errors, including single event latch-up (SET),
single event burnout (SEB), and single event gate rupture (SEGR),
permanently damage a MOSFET and then cause a system operating
failure [14]. Because TID effects are a cumulative phenomenon, elec-
trical circuits used in environments with continuous radiation exposure
are susceptible to the effects. Electron-hole pairs (EHPs) are generated
when radiation interacts with the oxide region of a semiconductor,
depending on the deposited energy in the oxide region, such as gate
oxide and shallow trench isolation (STI) [16]. Most of the generated
EHPs recombine promptly in the dielectric region, but some electrons
escape from the dielectric region, whereas holes are trapped within the
SiO5 and SiO»-Si interface as a result of the difference in mobility be-
tween electrons and holes [17]. If a hole is trapped at the gate oxide
region, it can cause a threshold voltage shift. On the other hand, if a hole
is trapped at the STI region, it creates an additional current path, causing
an increase in the leakage current [18-20]. The radiation-induced
leakage current occurs degradation of the transconductance, accumu-
lation of the charge on the circuit node, and increase of the static power
[21]. Radiation detectors employed in NPPs might be subjected to
continuous radiation exposure, especially in severe accident scenarios,
with a rate of 230 Gy/h [22]. As a result, the instrumentation system
becomes vulnerable to TID effects, potentially leading to the generation
of inaccurate information.

Previous research primarily focused on enhancing the tolerance for
radiation effects through specific semiconductor device structures
known as silicon-on-insulator (SOI), silicon-on-sapphire (SOS), and the
enclosed layout transistor (ELT). These methods are called radiation-
hardening-by-process [[16-19,23]]. SEEs are effectively minimized by
the SOI and SOS processes, including the SEU and SEL [16]. The ELT
structure does not have an edge that can cause a parasitic channel when
radiation penetrates the CMOS [23]. It has already been verified that a
radiation-hardened structure has low sensitivity to TID effects [24].
However, the ELT structure is subject to several drawbacks such as low
area efficiency, which is three times larger than conventional devices
[23], as well as challenges in designing the layout and conducting
electrical verification tests because of the unavailability of a process
design kit (PDK) from fabrication companies [4].

Recently, research on mitigating radiation effects through the
radiation-hardened-by-design (RHBD) approach has been actively con-
ducted. The RHBD approach is a technique that enhances stability and
reliability in radiation environments by implementing structural designs
at the circuit level, rather than the transistor device level, to alleviate
TID effects. Differential charge cancellation (DCC) [25], sensitive node
active charge cancellation (SNACC) [26], and three error detection
techniques of over- and under-flow, extra bit, and parity bit [27] have
been reported for mitigating SEEs. Additionally, channel width optimi-
zation [4], dynamic-threshold MOS transistors (DTMOSTs) [16],
chopper stabilization [28], and first-order cancellation techniques [29]
have been reported for minimizing TID effects. The limitations of using
the ELT structure can be overcome by employing the RHBD technique.
Therefore, this article presents an RHBD technique that utilizes a replica
circuit to detect TID effects and compensate for degradations caused by
radiation without an ELT structure.
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Fig. 2. (a) Block diagram of proposed preamplifier. The proposed preamplifier
consists of two parts: the CSA and replica. (b) Configuration of two-stage
OPAMP used for proposed preamplifier. The OPAMP has a 6-bit binary
weighted current source (BWCS) to compensate for TID effects.

2. Circuit implementation
2.1. Strategy for radiation hardening

The strategy for radiation hardening involves compensating for
changes in the current level of the preamplifier to minimize TID effects
by using a 6-bit binary weighted current source (BWCS). The pream-
plifier was designed using a two-stage OPAMP, which is well known for
its high speed, low noise, low power, and proper gain. The open loop
gain and gain-bandwidth product (GBWP) of the two-stage OPAMP can
be found using (3) and (4), respectively:

Ay =—guw3gmi1(o1 / [ 103)(Tor1 / /[ To12)s 3
8m3

GBWP =~ 4
. ()]

c

where g, is the transconductance, r, is the output resistance, and C, is
the Miller capacitance. The transconductance and output resistance are
properties of the MOSFET, which are determined using (5) and (6),
respectively:

2Ip

8m = ,

5
Vou (5)
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Fig. 3. Configuration of the BWCS control circuit. The circuit consists of a ring
oscillator, counter control logic, and a 6-bit up-and-down counter.
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Fig. 4. Photograph of the proposed preamplifier circuit in 0.18 pm standard
CMOS technology.
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where Ip is the drain current; Voy represents the overdrive voltage,
which is defined as the difference between the gate-source voltage and
threshold voltage of the MOSFET; and 1 is the channel length modula-
tion coefficient. As previously mentioned, the circuit properties vary as a
result of the radiation, including a threshold voltage shift, leakage cur-
rent increase, and noise increase. In modern CMOS processes, particu-
larly sub-micrometer fabrication, the impact on circuits of a threshold
voltage shift induced by radiation is gradually decreasing. This can be
attributed to the reduction in the oxide region thickness (t,) [16]
because the threshold shift is proportional to t,2. Furthermore, a thin
oxide layer enhances the quantum tunneling effect [20]. Consequently,
the recombination process for EHPs can occur at a higher frequency. In
contrast, as circuits are scaled down and the current level of the circuit
system decreases, the influence of leakage current becomes more
dominant [20]. Thereby, in (4) and (5), the variation of I, can contribute
more significantly to the fluctuations of g, and r,. Therefore, main-
taining the current level of the system is necessary to mitigate fluctua-
tions in g, regardless of the presence of radiation effects.

2.2. Circuit description

The proposed preamplifier, which is depicted in Fig. 2 (a), is
composed of two main parts: the CSA and replica. The CSA of the pro-
posed preamplifier includes an OPAMP with a 6-bit BWCS, and a feed-
back network that operates as the CSA for radiation detectors. The
replica of the preamplifier was designed to compensate for TID effects
and consists of an OPAMP with the same schematic used for the CSA,
two conventional continuous comparators, and a BWCS control circuit.
The two-stage OPAMP configuration is used in the proposed preampli-
fier, which consists of a self-bias circuit, transmission gates, and a 6-bit
BWCS, as illustrated in Fig. 2 (b). The RHBD technique could
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Table 1
Electrical parameters of the two-stage OPAMP with 6-bit
BWCS.
Parameters (unit) Value
Supply voltage (V) 1.8

Miller capacitance (pF) 1

Open loop gain (dB) 66

3 dB BW (kHz) 112.5
GBWP (MHz) 217.15
Phase margin (°) 55

significantly improve the system’s performance and enhance its reli-
ability, particularly when utilized in radiation environments. The BWCS
control circuit is composed of a ring oscillator, a 6-bit up-and-down
counter, and counter control logic, as depicted in Fig. 3. The BWCS
can supply current to the OPAMP in the proposed preamplifier in the
range of 11 to 64 I, depending on the output signal of the BWCS control
circuit. By utilizing the self-compensation technique for the current
supplied by the BWCS, the proposed preamplifier can mitigate changes
in current induced by radiation effects.

The RHBD preamplifier was implemented in a general-purpose
complementary metal-oxide-silicon field effect transistor (MOSFET)
0.18 pm technology process. A photograph of the fabricated chip is
shown in Fig. 4. The active area of the proposed circuit occupies 0.1208
mm?2. Table 1 lists the electrical specifications of the OPAMP for the
proposed preamplifier.

2.3. Operating principle of self-compensation technique

The replica OPAMP in the replica part acts as a sensor that is capable
of detecting current variations caused by TID effects. Under normal
conditions, when the OPAMP is supplied with a common-mode voltage
at its inputs, the output should also be maintained at the common-mode
level. However, when the circuit is exposed to radiation, the OPAMP
shows fluctuations in its current, resulting in a shift in its operating
point. These changes in the current level can be detected by employing
two comparators with appropriate reference voltages. The two reference
voltages are set near the common mode voltage of the OPAMP. To ac-
count for the possibility of variations due to noise, they are set at +200
mV from the common mode voltage. As a result, when the common
mode voltage shifts, greater or smaller than the reference voltages, each
comparator can generate a HIGH signal. Depending on the signal
generated by either the upper or lower comparator, the counter can
operate as either an up-counter or a down-counter. For instance, if the
radiation effect causes an increase in the operating point of the replica,
the upper comparator generates the HIGH signal and the 6-bit up-and-
down counter operates as a down counter to reduce the current of the
system. On the other hand, if the output decreases, the lower comparator
generates the HIGH signal and the counter acts as an up counter to in-
crease the current of the preamplifier. The digital logic generates signals
that control the switches in the BWCS in both OPAMPs. Therefore, the
proposed preamplifier can compensate for any degradation induced by
TID effects by maintaining the current level of the OPAMP.

The ring oscillator in the BWCS control circuit generates a suffi-
ciently wide pulse with a duration of 1.9 ps, which serves as the clock
signal for the counter. If the clock signal is faster than the propagation
delay of the BWCS system, the next clock cycle may enter the counter
before the BWCS code is changed. In that case, multiple clocks are
counted by the counter within the same phase.

The operation of the counter should be halted upon meeting specific
conditions such as reaching the state of saturation at 000001 or 111111.
Because the counter operates cyclically, failure to terminate its opera-
tion at saturation points would result in an infinite cycle, spanning from
000000 to 111111. For instance, when the output of the counter is
111111, if the lower comparator generates a signal, then the output of
the counter will transition to 000000, indicating a significant decrease in
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Fig. 7. During irradiation test with gamma rays up to 230 kGy (SiO2): (a)
recorded output of CSA and (b) error rate of normalized amplitude of the
preamplifier obtained as a maximum error rate of 2.39%.

the current level of the preamplifier from 64 I to 1 1. This situation can
potentially indicate a malfunction in the preamplifier system. Therefore,
the arbiter circuit is designed to control the operation of the counter by
utilizing logic gates when it is saturated.

3. Verification

A verification test of the radiation hardening was conducted at the
Korea Atomic Energy Research Institute (KAERI) using a cobalt-60
gamma-ray source up to 230 kGy (SiO) at a rate of 10.46 kGy (SiO2)/
h. Fig. 6 shows the test environment. Fig. 5 (a) shows the radiation
source, which was submerged in water and then raised to the surface
when the experiment began. The design under test (DUT) board was
placed in front of the radiation source as displayed in Fig. 5 (b). All the
electrical equipment was positioned behind a 30 cm concrete wall to
avoid radiation effects, as illustrated in Fig. 5 (c). The equipment and
DUT were connected using 15 m cables. Two types of data were captured
for analysis: analog data from the output of the CSA, which was recorded
using an oscilloscope, and digital data from the output of the BWCS
control circuit, which was logged using an FPGA. The data were stored
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Fig. 8. During irradiation test with gamma rays up to 230 kGy (SiO2): (a)
maximum rise time of 0.588 ps and (b) SNR in range of 49.64 dB-60.31 dB.

at regular intervals of 20 s.

Fig. 6 depicts the changes in the output of the BWCS control circuit
during the irradiation test. According to the experimental results, the
digital code had a maximum value of 42 and a minimum value of 29
during the irradiation test, whereas it had an initial value of 39 before
the test. The results indicated that the system current level tended to
decrease as a result of radiation effects. This phenomenon might have
been related to the leakage current increase. When the leakage current
increased, the system current level also increased. Thus, the BWCS was
able to decrease the system current. The small and regional variation in
the code could have occurred as a result of a quantization error caused
by the current changing in increments of 1 I. In other words, because the
system required a value between two specific codes, a fluctuation error
occurred.

Fig. 7 (a) displays the output of the preamplifier at 50 kGy (SiO3)
intervals during the irradiation test. Variations in the amplitude of the
output could occur as a result of changes in the open-loop gain, as shown
in (1). As previously discussed, the open-loop gain was determined by
the transconductance and output resistance of the OPAMP. Radiation
effects could cause changes in the current level of the system, resulting
in fluctuations in the system’s gain. Fig. 7 (b) depicts the error rate of the
normalized maximum amplitude of the proposed preamplifier. A
maximum error of 2.39% was observed at 100 kGy (SiO3), with the
digital code reaching 38.

Fig. 8 (a) shows the rise time variation during the gamma-ray
exposure test. It was calculated at 20% and 80% of the peak voltages,
avoiding the impact of the noise. The rise time was measured as 0.577 ps
before the irradiation test. A maximum rise time of 0.588 ps was
observed, along with an error of 1.96% at a total dose of 100 kGy (SiO2).
The rise time variation was also related to the system current level
because the slew rate was obtained using (7) [3].

Slew rate :Q . @
Ip

The SNR exhibited a range of 49.64 dB-60.31 dB, depending on the
total radiation dose, as illustrated in Fig. 8 (b). The SNR is a crucial
parameter for a preamplifier because it quantifies the noise level relative
to the readout system signal. It provides a measure of the ability to
distinguish the desired signal from the unwanted noise originating from
the detectors. The gate-referred noise voltage spectrum is represented by

(8):

a K, 1
S2(f) = 4kT — . 8
) =T e WL T ®

The first term is the thermal noise term. k is the Boltzmann constant,
T is the absolute temperature, and o is the channel’s thermal noise co-
efficient. Thus, the degradation of the transconductance results in an
increase in noise within the circuit [30]. The second term is the flicker
noise term (1/f) [19]. K is intrinsic process parameter, C,, is the gate
capacitance. As previous studies, 1/f noise is also affected by radiation,
resulting variation of Ky [20]. As the test result, the maximum error rate
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Table 2
Comparison results of RHBD OPAMPs.
This work [3]
Technology 180 nm Si CMOS 130 nm SiGe CMOS 180 nm Si CMOS 180 nm Si BiCMOS
Basic Double width Basic Double width Tail current (50 pA) Tail current (67 pA)

Amplitude variation (%) 2.39 3.6 2.23 2.85 2.32 34.3 16.17
SNR variation (dB) —5.74-4.92 —0.314 —0.202 2.396 0.07 11.6 3.12
Gain (dB) 66 41.9 42.3 39.37 38.83 62.43 62.43
GBWP (MHz) 217.15 316.2 377.3 202.25 289.5 115.24 115.24
Phase margin (°) 55 56 57 58 57 44 44
SNR (dB) 55.38 29.6 29.2 28.25 28.75 37 31
Maximum dose 230 kGy (SiO5) 20 kGy (SiO3)

of the SNR, in terms of its absolute value, was measured at 11.2% when 2022M3F3A2A01072851).

subjected to a total radiation dose of 100 kGy (Si02).

Table 2 shows comparison result in terms of amplitude variation, References

SNR variation, maximum dose, and the specifications of the OPAMP
used for CSA. In Ref. [3], they conducted an analysis of the radiation
effects on the CSA configured with a conventional two-stage OPAMP.
They considered three types of processes: SiGe CMOS, Si CMOS, and Si
BiCMOS technologies, while also varying MOSFET channel size and
system current levels. The term “basic” refers to the conventional
two-stage OPAMP structure for the CSA, while “double width” indicates
an OPAMP configuration with transistors having twice the width of the
basic circuit. The “tail current” signifies the current level flowing
through the OPAMP. As comparison results, the proposed CSA is
observed that there is less variation in the amplitude at higher dose.
Although the proposed circuit experienced greater SNR degradation due
to radiation, its inherent circuit SNR is significantly higher, resulting in
even the lowest SNR of proposed CSA being greater compared to the
highest SNR of [3].

4. Conclusion

A radiation-hardened preamplifier was introduced for the radiation
detectors used in NPPs. The RHBD preamplifier can mitigate radiation-
induced degradations, particularly TID effects, by compensating the tail
current of the OPAMP used for the preamplifier using a 6-bit BWCS,
through which a wide range of current (1 I to 64 I) can flow. The replica
OPAMP of the proposed preamplifier detects the changes in the oper-
ating point caused by the total radiation dose and generates a signal to
control the BWCS, aiming to minimize TID effects. The circuit was
fabricated using the 0.18 um CMOS process, and occupied 0.1208 mm?.
An irradiation test was performed using a gamma-ray source up to 230
kGy (SiO») at a rate of 10.46 kGy (SiO2)/h. Degradations were observed,
and the gain and rise time were compensated. The gain had a maximum
error of 2.39% at a total radiation dose of 100 kGy (SiOg2). The rise time
had a maximum value of 0.588 pus with an error of 1.96% at the total
radiation dose of 100 kGy (SiO3). The measured SNR had a minimum
value of 49.64 dB. Therefore, the RHBD preamplifier could be used in
various sensor applications, particularly radiation environments,
because the proposed circuit could maintain its performance regardless
of increased radiation exposure.
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