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Abstract: This paper proposes an optimized step-up power converter using a quadratic sawtooth
waveform generator for a silicon photomultiplier (SiPM) used as a radiation sensor for mobile
radiation dosimeters. Although our step-up converter uses the topology of a switched inductor
boost converter in voltage mode, it achieves a fast transient performance thanks to the proposed
quadratic sawtooth waveform generator, which can increase the loop bandwidth. As a result, the
proposed boost converter can stably regulate the bias voltage of an SiPM, even in a situation where
the radiation particles are injected. In addition, since the proposed quadratic sawtooth waveform
generator can be designed with low power, it was able to achieve 86% peak efficiency even under the
light load conditions.
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1. Introduction

After the recent Fukushima accident, the dangers of nuclear power plants became
directly exposed to the public [1]. Therefore, not only nuclear power plant workers but
also the general public should always carry a radiation detector that can protect their own
lives and safety to cope with the threat of nuclear power plant accidents [2].

The system in Figure 1 is a portable radiation detection system that can be installed
on a smartphone and can be easily carried and used by ordinary people. Since this
special-purpose small embedded system can utilize the smartphone’s battery and mobile
application processor (AP), it has the advantage of being able to build a radiation detection
system by implementing only a few simple circuits. Therefore, the mobile radiation
dosimeter system in Figure 1 can be composed of only three sub-blocks: a radiation
detector, a sensor interface circuit, and a power conversion circuit. First, the radiation
detector is responsible for converting the input radiation particles into a charge signal
(Isipm)- A silicon photomultiplier (SiPM), a type of radiation detector, can be manufactured
by using the semiconductor process and has a high density of integration even with a small
area, so it is suitable for mobile applications. In an SiPM, radiation particles injected into
the SiPM composed of a scintillator and a reverse-biased photodiode are converted to light
energy through the scintillator. Finally, the SiPM can generate a charge signal proportional
to the energy of the radiation particles. Second, the charge-sensitive amplifier (CSA) in
the sensor interface circuits amplifies the charge signal delivered from the SiPM through
the sensing resistor (R;) and capacitor (Cs). Additionally, the analog-to-digital converter
(ADC) converts the buffered voltage signal into a digital signal that can be processed by the
back-end system built into the smartphone. Third, the power management circuits serve to
drive the voltages required for the radiation detector (HVDD) and sensor interface circuits
(AVDD, DVDD) from the smartphone battery.

Chemosensors 2021, 9, 144. https:/ /doi.org/10.3390/chemosensors9060144

https://www.mdpi.com/journal /chemosensors


https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0003-0537-8494
https://doi.org/10.3390/chemosensors9060144
https://doi.org/10.3390/chemosensors9060144
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors9060144
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors9060144?type=check_update&version=1

Chemosensors 2021, 9, 144

20f12
Power Management Circuits [ Mobile Phone
V|
t 24 1 JYS— | S .
Step-Up 3 | VBATLTDAO‘VDD VBATLT)%VDD i Li-ion E
Converter ...c.ﬂ_ Regulator Regulator i Battery E
é 1 T T | | =======" ) Sl
=
HVDD T i
~300n5v —» AVDD — DVDD : Mobile H
K I Application |
C ! Processor 1
Isieur | Csipn| SiPM Do H
l_ CSA BUF ADC = Digital Output
Cs
Rs
? Sensor Interface Circuits § O )
hv

Figure 1. Block diagram of mobile radiation sensor interface.

Radiation detection systems manufactured in previous studies with SiPM boast a high
performance but have a fatal drawback of low portability [3,4]. This is because SiPM-based
high-performance radiation detectors require a high driving voltage. Therefore, if a power
conversion circuit optimized for the charge generation characteristics of the SiPM is applied,
the portability of the radiation detection system may be increased. However, an SiPM has
problems that are difficult to optimize with the conventional power conversion circuits
due to its unique electrical characteristics. First, according to the commercial product [5],
a driving voltage of more than 25.5 V is required. In other words, it can be seen that a
step-up DC-DC converter should be designed to receive the voltage of a Li-ion battery
(3.7 V) and generate a high voltage that is nearly eight times higher. Second, as shown in
Figure 2, it shows a low power characteristic of at least 1 mA in normal mode. However,
when radiation particles are injected, a maximum current of 20 mA can flow for several
hundred ns. Therefore, the step-up converter for the SiPM should be able to achieve high
efficiency by ensuring optimized operation for the current characteristics in Figure 2.
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Figure 2. Load characteristics of an SiPM [5].
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In general, a step-up DC-DC converter can be implemented with the topology of an
SC (Switched Capacitor)-based charge pump or an SI (Switched Inductor)-based boost
converter [6,7] as shown in Figure 3. First, the charge pump has the advantage of being
able to achieve a high conversion ratio with a relatively simple method by connecting
several capacitor (Cy) and diode (Dy) stages in series, but it is difficult to achieve a high
conversion ratio under load conditions of several tens of mW or more. Otherwise, there
may be disadvantages of lowering the efficiency. Second, the boost converter shows high
efficiency even under a load condition of several hundred mW or more. It consists of an
inductor (L), diode (D), and a switch controlled by a pulse width modulator. However, it
has a disadvantage because it is difficult to expect a fast transient response in a low-power
application. In this work, a boost converter was selected to achieve a high conversion ratio.
In addition, a circuit for operation optimized for the current characteristics of SiPM was
proposed to achieve fast transient response characteristics.
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Figure 3. Conventional step-up converters: (a) Dickson charge pump; (b) inductive boost converter.

This paper is organized in the following order. First, in Section 1, the necessity of
the portable radiation detection system developed in this study is discussed. Second,
in Section 2, the key concept of the boost converter proposed in this study is explained.
Third, in Section 3, the circuit implementation of the proposed boost converter is described.
Finally, Sections 4 and 5 will discuss the simulation results and the conclusions of this
study, respectively.

2. Key Concept of Proposed Boost Converter

As described above, a switched inductor-based boost converter was selected as the
basic topology for driving the SiPM. Figure 4a shows the basic configuration of a voltage-
mode boost converter to generate a voltage from 3.7 to 25.5 V. First, the power stage
composed of an inductor (L), a Schottky diode (D), and switch plays a role in generating
output voltage by pulse width modulation (PWM) signal. Considering that the output
voltage is 25.5 V and is controlled in discrete continuous mode (DCM), it is composed
of an asynchronous-type topology that freewheels the build-up current with a Schottky
diode. Second, the PWM controller, which consists of a voltage divider (Rs1, Rs»), loop
filters (G, Rz, Cr), and comparator, can generate a duty signal (Vpr) proportional to the
output voltage drop. When radiation particles enter the SiPM, a radiation-induced charge is
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generated. Additionally, a voltage drop proportional to the amount of charge is generated
at the output stage. The voltage divider scales down the voltage drop at the output, and
the compensator implemented as a Gm-C loop filter integrates this error voltage (V).
Additionally, the comparator generates Vpr by comparing Vg and sawtooth waveform.
Finally, the Vpr controls the switch of the power stage to fill the voltage drop of the output
stage. Figure 4b shows a small signal model of a voltage-mode boost converter. In DCM,
there is one pole (wp,) in the power stage, and the poles (wy, ) and zeros (w, ) of the loop
filters determine the loop stability.

Vaar N Vi [ _ . HVDD
o m h ~300ns J_
- 7 NO)
—»\Switch Croaal | Isiess | Csipm | SiPM
_ 0—| |—H
= _— CS
Sawtooth
Li-ion — RS%
Batte A us’|
ry Vi it 1
A
hv
AV Vsr Comparator E E E
Vor — |« Loop Filters R =
S1=
Vor L Ve e
Vez + Gm Gm
R; Rz '\I L
= C C RSZ ::
i ] 1
Dy Dy 4 —'|='_ j:-_ =
(a)
Power Stage in DCM
Ap
s +—
Dp,p
PWM G-C Loop Filters
Generator ( 142 R-Divider
s + —
11, 2 076/ | Rs: P
— (Ag)
Vi 1,2 Rss + Rs2
s+ —
mp,c)

(b)

Figure 4. Basic operation of voltage-mode boost converter: (a) block diagram, (b) small-signal model.
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The basic configuration of the boost converter to be implemented in this study was
designed to be in voltage mode, not current mode. This is because the current sensing
circuit for realizing the current mode consumes relatively high power [8], so there is a risk
of greatly reducing the efficiency of the boost converter. However, a voltage-mode-based
boost converter has too narrow a loop bandwidth, so it is difficult to guarantee the fast
recovery speed. In the case of the SiPM, after one radiation event occurs, it should be
possible to recover the basic driving voltage of the SiPM before a new event to be input
occurs. Therefore, the boost converter of voltage mode for SiPM needs to compensate for
the disadvantage of not implementing current mode.

In order to compensate for the slow transient characteristics of the voltage-mode
based boost converter, circuit techniques that are not normally used are suggested. First,
a method was used to increase the low-frequency pole generated in the power stage to
a high frequency by using a load capacitor that is close to 1000 times smaller (Figure 5).
Of course, since the ripple increases when the load capacitor is reduced, it is a method
that general DC-DC converters do not use. Fortunately, as long as the SiPM can only
sustain more than the voltage required by the datasheet, the ripple characteristic is not very
important. Second, a method to further increase the loop bandwidth only at the moment of
load transient is proposed, going beyond the method of reducing Cy 4. If the conventional
sawtooth waveform (CST) is changed to a quadratic sawtooth waveform (QST), as shown
in the circuit diagram in Figure 6a, the changed pulse width of the Vpr (D to Dyy) can be
made much larger, even with the same error voltage change (V1 to V). This is because
CST generates a change in Vpr that is proportional to the only amount of change in the
error voltage, but QST can generate a change in the duty signal that corresponds to the
square of the amount of change in the error voltage. As a result, it is possible to show
much faster transient characteristics than in the conventional boost converter using CST.
Compared to Figure 4b, the gain of the PWM generator in Figure 6b is increased by about
1.4 times. In other words, the boost converter can achieve the effect of increasing the loop
bandwidth by 1.4 times by applying the QST circuits.

ADC Gain
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Figure 5. Bode plot of loop in the voltage-mode boost converter.
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Figure 6. Basic concept of proposed boost converter: (a) block diagram, (b) small-signal model.

3. Detailed Implementations of Proposed Boost Converter

In this section, the implementation of the concept proposed in Section 3 is discussed.
To verify the performance of the circuit proposed in this study, a PDK (Process Design Kit)
of 0.18 um BCD process was used.

The power stage was composed of an inductor, a power switch, and a diode, as shown
in Figure 7a. The inductor was modeled with 10 uH and DCR 700 mOhm, which are pure
inductance values, and the parasitic capacitance considered in the actual inductor pad was
10 pF. Since the V; node switches from ground to 27 V according to the operation of the
power stage, n-type LDMOS (laterally diffused metal-oxide semiconductor) and Schottky
diodes, each with a tolerance of up to 35 V, were used. The power switch was optimized
and designed based on the averaged load current of 2 mA, and the inverter chain-based
gate driver was designed to be fully turned on and off.
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Figure 7. Detailed implementation of power stage: (a) schematic; (b) layout.

Figure 8 shows the loop filters that create an error voltage. The loop filter used in
this study was made based on the folded cascode OTA, and two OTAs were cascaded to
prevent the loop gain from being reduced by the voltage divider. In addition, a capacitor
(Cx) calculated as a pole was connected to the output along with the transconductance
value of OTA, and the resistor (R;) inserted in series with this has the effect of inserting
zero together with C,. The power consumption of each OTA is 4 uW, and it is designed in
an edge that does not reduce conversion efficiency.

The newly proposed PWM generator in this study was designed as shown in Figure 9.
By using the CST generation circuit to convert the sawtooth-type voltage signal into a
current and integrate it back into the capacitor, the square characteristic could be obtained
with respect to time. The power used in the circuit of Figure 9 could be designed with a
negligible level of 4 uW.

The overall layout diagram of the boost converter proposed in this study is shown in
Figure 10. It can be seen that even though the QST circuit proposed in this study is added,
it can be designed with a sufficiently small area (1.2 mm?).
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Figure 8. Detailed implementation of loop filter: (a) schematic; (b) layout.
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Figure 9. Detailed implementation of PWM generator: (a) schematic; (b) layout.
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Figure 10. Full layout diagram of proposed boost converter.

4. Simulation Results

Figure 11 compares QST and CST in the boost converter based on the same voltage-
mode PWM control. In brief, a load transient of 20 mA was generated every 5 us. First,
it can be seen that in the case of the prior CST, it takes two clocks until Vpj4s is fully
recovered. However, it was confirmed that the case applying QST succeeded in regulation
immediately except for the moment of transition. It can be seen that these results are clearly
verified by the waveform of V. Unlike the case of CST, the range of change in VE is kept
remarkably low.

Table 1 shows the comparison results between the prior power converter ICs for high
voltage generation and the boost converter proposed in this study. Since power converters
optimized for SiPM have not been proposed, an exact comparison is not possible. However,
we tried to evaluate the value of the proposed work by comparing it with the previously
proposed step-up converters. First, that in [9] is implemented as an SC type and can
generate a relatively high voltage. However, it is not suitable for the load range of the
SiPM, and it can be seen that the efficiency is also quite low. Second, the converter in [10]
can generate a high output voltage suitable for driving the SiPM, but it operates only
under light load conditions when the input voltage is high (10 V). Third, the converter
in [11] is a commercial product implemented in the type of a combination of SC and SI,
and it can be seen that it is relatively well designed for an SiPM. However, this also has the
disadvantage that relatively many passive components are required. The DC-DC boost
converter proposed in this work can supply a maximum voltage of 27 V from the nominal
voltage (3.7 V) of a Li-ion battery, so it can be used in an SiPM-based radiation detection
system that can be installed in a smartphone. In addition, despite operating in DCM, it
is possible to stably supply a high voltage to the SiPM with a peak efficiency of up to
86%, which was calculated under post-layout simulation conditions in order to reflect the
parasitic components.
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Figure 11. Simulated waveforms of proposed boost converter.
Table 1. Performance comparison.
[91 [10] [11] This Work
Process 0.18 um CMOS 0.25 um CMOS BiCMOS 0.18 um BCD
Area 0.152 mm? N/A N/A 1.2 mm?
Vour/Vin 36V/3V 30V/10V 30V/33V 27V/37V
Fsuwitching 8 MHz 1 MHz 0.5 MHz 1 MHz
Load Range 25-100 pA 3 A 0-20 mA 1-10 mA
Control Mode Open Loop Open Loop PWM PWM(DCM)
L X X 4.7 uH 10 uH
Croad N/A N/A 2.2 uF 16 nF
Peak Efficiency 39% N/A 78% 86%

5. Conclusions

In this research, a step-up DC-DC converter is proposed for optimized operation of
an SiPM, which constitutes the core of the radiation detection system. In order for the SiPM
to detect radiation correctly for a long time, a high voltage of at least 25 V and a current of
several mA must be stably supplied from the DC-DC converter. In addition, a fast transient
performance must be guaranteed at the same time, so that even high-energy radiation can
be detected. Therefore, in this work, a high loop bandwidth was achieved by comparing
the quadratic sawtooth waveform and the error voltage of the compensator. In particular,
it was proven through the analysis and simulation that the gain bandwidth product can
be increased by square root compared to when a conventional sawtooth waveform is
used. Furthermore, since the proposed quadratic sawtooth waveform generator can be
implemented with negligible power consumption, there is no restriction in achieving a peak
efficiency of 86%. As a result, the boost converter can be applied to the mobile radiation
dosimeter system, which requires high accuracy for a long time.



Chemosensors 2021, 9, 144 12 of 12

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The EDA tool was supported by the IC Design Education Center (IDEC), Korea.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Baumann, R.C. Determining the impact of alpha-particle-emitting contamination from the Fukushima-Daiichi disaster on
Japanese semiconductor manufacturing sites. IEEE Trans. Nucl. Sci. 2012, 59, 1186-1196. [CrossRef]

2. Altomonte, H. Japan’s nuclear disaster: Its impact on electric power generation worldwide. IEEE Power Energy Mag. 2012, 10,
94-96. [CrossRef]

3. Vanhavere, F; Marlein, B.; Nascimento, L.F; Lovestam, G. Testing three types of active personal neutron dosemeters for
application in a nuclear research centre. Radiat. Meas. 2010, 45, 1593-1596. [CrossRef]

4. Tsujimura, N.; Yoshida, T.; Takada, C. Responses of commercially available neutron electronic personal dosemeters in neutron
fields simulating workplaces at MOX fuel fabrication facilities. Radiat. Meas. 2011, 46, 1720-1723. [CrossRef]

5. SensL: Introduction to SiPM TECHNICAL NOTE. Available online: https://www.sensl.com/downloads/ds/TN%20-%20Intro%
20t0%20SPM%20Tech.pdf (accessed on 28 May 2021).

6.  Ballo, A,; Grasso, A.D.; Palumbo, G. A Review of Charge Pump Topologies for the Power Management of IoT Nodes. Electronics
2019, 8, 480. [CrossRef]

7. Chakraborty, S.; Vu, H.-N.; Hasan, M.M.; Tran, D.-D.; Baghdadi, M.E.; Hegazy, O. DC-DC Converter Topologies for Electric
Vehicles, Plug-in Hybrid Electric Vehicles and Fast Charging Stations: State of the Art and Future Trends. Energies 2019,
12, 1569. [CrossRef]

8.  Kolli, A.; Gaillard, A.; De Bernardinis, A.; Bethoux, O.; Hissel, D.; Khatir, Z. A review on DC/DC converter architectures for
power fuel cell applications. Energy Convers. Manag. 2015, 105, 716-730. [CrossRef]

9. Ismail, Y;; Lee, H.; Pamarti, S.; Yang, C.K. A 34V charge pump in 65nm bulk CMOS technology. In Proceedings of the 2014 IEEE
International Solid-State Circuits Conference Digest of Technical Papers (ISSCC), San Francisco, CA, USA, 9-13 February 2014;
pp- 408-409.

10. Ker, M.D.; Chen, S.L. Ultra-high-voltage charge pump circuit in low-voltage bulk CMOS processes with polysilicon diodes. IEEE
Trans. Circuit Syst. Express Briefs 2007, 54, 47-51. [CrossRef]

11. Maxim Integrated: Datasheet: 500 kHz, 36 V Output, 600 mW PWM Step-Up DC-DC Converter. Available online: https:

//www.maximintegrated.com/en/products/power/switching-regulators/MAX15032.html (accessed on 28 May 2021).


http://doi.org/10.1109/TNS.2012.2201749
http://doi.org/10.1109/MPE.2012.2187578
http://doi.org/10.1016/j.radmeas.2010.06.067
http://doi.org/10.1016/j.radmeas.2011.04.039
https://www.sensl.com/downloads/ds/TN%20-%20Intro%20to%20SPM%20Tech.pdf
https://www.sensl.com/downloads/ds/TN%20-%20Intro%20to%20SPM%20Tech.pdf
http://doi.org/10.3390/electronics8050480
http://doi.org/10.3390/en12081569
http://doi.org/10.1016/j.enconman.2015.07.060
http://doi.org/10.1109/TCSII.2006.882854
https://www.maximintegrated.com/en/products/power/switching-regulators/MAX15032.html
https://www.maximintegrated.com/en/products/power/switching-regulators/MAX15032.html

	Introduction 
	Key Concept of Proposed Boost Converter 
	Detailed Implementations of Proposed Boost Converter 
	Simulation Results 
	Conclusions 
	References

