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Abstract— The importance of measure and control dietary salinity arises to prevent and control the disease. There are several methods
to measure the dietary salinities from blood or urine. The blood test is an accurate but inconvenient method because patients need to
be at hospitals and wait for a longer time. Urine can be collected at home, and the test is more convenient. A 24-hour urine test is more
accurate than random urine (RU) may cause more human errors. For this reason, testing RU accuracy for application will increase the
convenience of patients. A SiPM sensor system to measure Guanine-based chemiluminescence resonance test light was developed. An
ASIC system was developed and packaged to a chip. A test board for the packaged chip was developed. In parallel, the layout of an
ASIC chip was assembled with SiPM and tested in the dark chamber to understand the functionality. The ASIC chip was tested in
various frequencies with the test board. At the target frequency, the ASIC chip achieved 870 gain, which is exceeding the goal of 100.
The SiPM system was measured with an oscilloscope, and the output signal was as expected. The performance test was done at a very
high frequency (100MHz) and achieved 80.5% detection compared to the original light source signal. The ASIC chip development was
successful, and SiPM matched the specification of the target operation.
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forgot to collect urine at the proper time, and the price for the

L. INTRODUCTION test is higher than RU.

It is easy to think about many diseases caused by dietary In many cases, RU test accuracy matches good agreement
salinity, such as hypertension, stroke, coronary artery disease, [17]-[20]. Thus, developing a cheap and accurate RU test
cardiovascular disease, kidney disease, stomach cancer, etc. method would benefit a large population who may need a
Potassium and sodium are necessary dietary salinities that urine test. Several devices can measure sodium and potassium
may cause several diseases when abundance [1]-[11]. For this in the blood. Siemens ADVIA 2400 is a big-size device
reason, both healthy and diseased people need to measure the confirmed to be used in hospitals, MEDICA EasyLyte Plus is
amount of potassium and sodium to prevent and relieve a medium-size tester, and ABBOTT i-STAT is a portable
disease. Respectively [3], [4], [12], [13]. World Health device with a one-time use kit. Most of the small urine test
Organizations (WHO) recommend not eating sodium more devices are colorimetric type [21]-[23]. Those devices detect
than 2g/day or 88mmol/day [14]. Urine test is one of the most leukocyte, nitrite, pH, protein, sugar, ketone, urobilinogen,
widely used test methods for dietary sodium and potassium bilirubin, red blood cell, etc. However, current devices in the
alternate the blood test [15], [16]. There are two types of urine market cannot measure sodium and potassium without
tests for sodium and potassium test: a 24-hour urine test and diluting the urine. It is hard to find any portable device that
random urine (RU) test. A 24-hour urine test is more accurate measures both salinities directly. If sodium and potassium
than a RU test because sodium and potassium in urine vary measurement is required, it is necessary to send the sample to
with the dietary condition. However, there are also some large hospitals and wait more than 3 hours to a few days. One
limitations to the 24-hour urine test. For example, patients of the popular methods for medical science is high-pressure
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liquid chromatography (HPLC) and electrophoresis [24], [25].
Those methods require high price devices, and foreign
substances may cause malfunctioning. Antibodies are used to
overcome the disadvantages mentioned above. Radioactive
materials were attached to antibodies for accurate detection,
but control of radioactive materials and safety issue remains.
Absorbance, fluorescence, and chemiluminescence were
developed to overcome the radioactive antibody limitation. In
this research, the Guanine-based chemiluminescence
resonance test was used to measure the amount of sodium and
potassium directly [26]-[28]. Fig. 1 shows the reaction of
Guanine-TMPG to how the light is emitted.
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Fig. 1 A chemical mechanism of Guanine-TMPG reaction [29].

Traditionally, photon multiplier tube (PMT) has been used
for various fields such as low light level spectroscopy,
confocal microscopy, Raman spectroscopy, fluorescence
spectroscopy, nuclear and particle physics, astronomy,
medical diagnostics, including blood tests, medical imaging,
motion picture film scanning, and radar jamming. The photo-
electric effect, well known for Albert Einstein's experiment to
show the electron is a particle rather than a wave, is the
principle of PMT. When a photon comes to the photocathode
in front of PMT and emits a primary electron, the primary
electron hits series of dynodes in high voltage to amplify the
numbers of electrons. PMT is a very accurate and reliable
device for photon detection. However, PMT has some natural
limitations. As PMT is a vacuum tube, it is hard to make a
small PMT, and the cost increases with the decreases in its
size. The operating voltage is about a few thousands volt to
amplify the electrons, so that the background electronics are
enormous and expensive. Alternatively, a silicon photon
multiplier (SiPM) was developed to detect photons. SiPM is
a semiconductor-based detector that can overcome the
limitation of PMT mentioned above. SiPM is easy to
downsize, and the cost is reasonable. The operating voltage is
about a maximum of 100V, and it is much lower than the PMT.
A photon detection system for alternative sodium and
potassium measurement method from RU is presented in this
research. A photon generator was developed to test the system,
and the result is given in this research.

II. MATERIAL AND METHODS

A. SiPM

SiPMs from different manufacturers such as Hamamatsu
photonics, Senel, and Ketek is considered in this research.
The essential characteristics of other manufacturers SiPM is
the breakdown voltage (Var) and recommended operating
voltage (Vop). The Vgr and Vop for considered SiPMs are
given in Table 1.

TABLE 1
SIPM Vg AND Vop
Manufacture Models Vir [V] Vor [V]
S13360-1325CS 53+5 ViR + 5
Hamamatsu

Photonics S13360-1350CS 53+5 ViR + 5

S13360-1375CS 53+5 ViR + 5
SenelL C-Serise 242t024.7 Ver+1to5
Ketek PM1125-WB Typ.25.5  Ver+2to5
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Additionally, the gain is another factor to be considered.
The higher increase that SiPM has, the better signal detection
is expected. However, the gain can be controlled by adjusting
the voltage. As Vop for Hamamatsu Photonics SiPMs requires
~ 60V and the others are 30V, the voltage supply system was
considered to provide variable voltage.

B. System Layout

The signal from SiPM cannot be read and understood
directly. For this reason, the project dedicated Application
Specific Integrated Circuit (ASIC) attached with SiPM was
developed. The maximum size of the full system was limited
to 225mm? square to match the downsizing goal. The block
diagram for Front-end ASIC is shown in Fig. 2.
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Fig.2 Front-end ASIC block diagram for main and subcircuit. The main and
subcircuits are in the lower and upper part, respectively.

The main circuit is the operating system, and the subcircuit
is used only for measurement. The main circuit is designed to
control 2 step amplifiers to obtain proper gain from the signal.



This front-end ASIC was packaged with QFN32. The layout,
bare die, and packaged chi are shown in Fig. 3.
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Fig.3 The layout, bare die, and packaged chip. The left side is the layout, the
upper right is bare die, and the bottom right is a packaged chip.

A test board to test ASIC was developed as well. The test
board can monitor all signals going in and processed from the
ASIC chip. The test board is shown in Fig. 4.

Fig. 4 The developed ASIC circuit. The ASIC will be located at the centre of
the board, and all the signals can be connected to an oscilloscope.

In the meantime, SiPM was tested independently from the
ASIC chip to obtain SiPM data for further use. For this reason,
a temporary amplification board sharing the layout in Fig. 3
was developed independently and attached to SiPM for the
layout test. In Fig .5, the test board sharing the layout was
attached to SiPM aligned with the photon generator, which
will be explained in the following. Before manufacturing the
chip, the simulation was performed to understand if the design
is correct with the Cadence tool. The simulation predicts the
results in ideal cases that simulation was performed in the
higher frequency (20MHz) than the target frequency
(12MHz).

1174

Fig. 5 A SiPM with test board sharing the ASIC layout (right side) and the
photon generator (left side) is given.

C. Photon generator

It may be enough to build a photon generator matching for
the target frequency specification (12MHz). However, one of
the experiments is to understand the limitations of the SiPM
system. For this reason, the photon generator was designed to
be operated at a higher frequency (100MHz). Thus, the LED
signal should decay much faster than SiPM or amplified
signal. A fast pulse design was considered to achieve the
specification of a photon generator. The layout of the photon
generator circuit is shown in Fig. 6.
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Fig. 6 The layout of the photon generator is shown. [30]

The spike is ~0.5V with a decay time of less than 10ns. The
photon generator can stably provide photons at 100MHz,
which is highly exceeding the target frequency.

D. Experiment design

The signal coming from the SiPM is shallow, and the
minimum signal power that the function generator could
generate is 20mVpp. Thus, a capacitor (0.3pF) was
implemented at the front to decrease the power coming from
the function generator up to 0.2mVpp when the function
generator output power is 40mVpp. However, this work is
affected by the oscilloscope probe so that the capacitor input
and output were measured independently, and this data was
used for the calibration of the results. The expected operating
frequency is 12MHz, so that the test was performed with 1, 4,



8, 10, 11, 12, 13, 14MHz. The gain was measured with the
same operating frequency mentioned above. The minimum
requirement for gain is 100, that at least the gain needs to be
higher at near 12MHz operating frequency. Gain is defined as
total output/input. The SiPM testing system is measuring the
numbers of photon emission events coming from the photon
generator. SiPM is aligned to the photon generator not to miss
the signal. Photon events are generated with a function
generator that the frequency of events is coming in an exact
time interval. As the signals are generated with a function
generator, the ratio between SiPM detection and function
generator is measured. The measurement was performed in a
dark chamber in Fig. 7.

Fig. 7 Test environment in the dark chamber. The cable output line is also
sealed with black insulation taping to prevent light coming from the outside.

The home-made dark chamber is designed to perform
photon detection for various experimental systems, including
radiation experiments. Thus, the dark chamber should not leak
light, or the background noise would exceed the proper
measurement signals. For this reason, the cable exiting area is
also sealed with black insulation tape. It was tested to have a
shallow background signal compared to the SiPM.

III. RESULTS AND DISCUSSION

A. Front-end ASIC Test Board

The simulation results are shown in Fig. 8. 2MHz and
20MHz results are given together. Both of the simulation
inputs are in an ideal condition so that the results are very
stable. In Table 2 and Fig. 9, selected operating frequency
input outputs from each amplifier are shown.
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Fig. 8 The simulation results for the front-end ASIC chip. (a) and (b) are
2MHz and 20MHz simulation results, respectively. From the top, ASIC input
signal, amplified signals, and data output is given.

TABLE I
INPUT AND CAPACITOR OUT VOLTAGE TABLE FOR EACH EXPERIMENTAL
OPERATING FREQUENCIES.
Operating Input Capacitor out
Frequency (MHz) (mVpp) (mVpp)
1 40.0 0.25
4 39.3 0.24
8 36.4 0.20
10 35.0 0.26
11 34.2 0.24
12 335 0.23
13 32.9 0.21
14 32.4 0.20

VTEST =40mVpp @ 1MHz VTEST =39.3mVpp @ 4MHz

PA_OUTR =2.09mVpp PA OUTR =6.35mVpp

[FPAS-QUI = 20tmyprr—— >

— | FA1 OUT =44.ImVpp

FA2_ OUT = 489mVpp

[ E\zg)‘ur = 310mVp,-/\ \
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| EA1 OUT =348mVpp | FAT OUT = 273mVpp

A2 OUT = 257mVpp
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Fig. 9 From the top of each independent images, function generator signal,
input, the output from the first amplifier and output from the second amplifier
is given. (a), (b), (¢). (d). (e), (), (g) and (h) are 1, 4, 8,10, 11, 12, 13 and 14
MHz operating frequency results.



The decrease of input power from 40mVpp is not linear
between 1 and 4MHz. However, the voltage drop is linear
from 4MHz to 14MHz. In the meantime, the output voltage is
not linear at all. The output voltage decreases from 0.25mVpp
to 0.2mVpp for 1 to 8MHz. Then the output increases up to
0.26mVpp and decreases to 0.2mVpp continuously. At the
12MHz frequency, which is the targeting frequency, the
output was 0.23mVpp. The total gain for each frequency is
shown in Table 3.

TABLE III
INPUT, FINAL OUTPUT AND GAIN TABLE FOR EACH EXPERIMENTAL
OPERATING FREQUENCIES.
Operating Input Output Gain
Frequency (MHz) (mVpp) (mVpp)

1 0.25 310 1240
4 0.24 489 2038
8 0.20 334 1670
10 0.26 257 1285
11 0.24 225 938
12 0.23 200 870
13 0.21 162 711
14 0.20 148 740

Gain is increasing from 1MHz to 4MHz and decreases up
to 14MHz. The maximum gain at 4MHz is 2038, which means
that the signal was amplified 20 times more than the original
signal. There exists a weak correlation between the raw
voltage input and the gain. At the targeting frequency, the gain
is 870.

B. Photon count in the dark chamber

Four signals, LED signal from the photon generator, raw
SiPM output, amplification out and COMP out, were
measured to understand the behaviour of signals coming from
the SiPM. Single signal phase read with an oscilloscope is
shown in Fig. 10.
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Fig. 10 Various signals read with an oscilloscope. The LED signal from the
photon generator, SiPM raw signal, amplified signal, and COMP out are
shown from the top.

The signal on the top is the LED signal generated with a
function generator. The LED signal activated in a relatively
short time compared to other signals. The second signal is a
raw SiPM signal. Raw SiPM signal is activated just after the
LED signal is initiated. Then the signal starts decaying from
its maximum signal. Then the amplified signal reacts a few
moments after the SiPM signal was generated. This result is

due to the required processing time in the amplification circuit.
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There exists a small noise for the amplified signal where the
comparator signal is deactivated. The comparator signal
shows the area where the amplified signal is over the
threshold to distinguish signals.

Sets of signals read with an oscilloscope is shown in Fig.
11. As it is mentioned above, the decay time for the LED
signal is much shorter than the operating frequency. For this
reason, LED signal generation can be considered as a point
source. Then the SiPM raw signal and amplified signals show
a very similar decay. All the amplified signals have noise
where the comparator signals are fade out. As a result,
comparator signals show the area where the valid amplified
signals are located.
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Fig. 11 Series of signals read with an oscilloscope. The LED signal from the
photon generator, SiPM raw signal, amplified signal, and COMP out are
shown from the top.

In total, 80.5% of signals were measured at about 100MHz
with the board in the dark chamber, with respect to the LED
and function generator signal counts.

C. Discussion

The ASIC chip test was performed with the chip test board.
Considering the gain and final output, the best operating
frequency for the ASIC is 4MHz. The gain was decreased at
the target frequency (12MHz). However, the expected gain at
the target frequency is 100, and the gain was 870. The result
exceeds the expectation, and the ASIC chip design and
manufacture seem to be satisfactory. As a result, the ASIC
chip functions were tested, and the ASIC chip is properly
working as expected. The simulation was performed at a
higher frequency than the target frequency because the real
operating frequency for the chip is lower than the simulated
frequency. The simulation result shows the higher gain
against the ASIC test. The result of mismatch is coming from
the simulation setting. The simulation predicted the gain with
the best condition, which is impossible to match in the real
world. Thus, it is nice to consider the real circumstances when
performing the simulation and consider that the experimental
result will be worse than the simulation result.

The photon generator decay time is much fast than that of
SiPM and amplification circuits. This result implies that the
photon generator can be considered as a single event. SiPM
and amplification circuit decay time are much longer than the
LED signal. However, putting the proper threshold after the
amplification circuit can distinguish between two short-term
events. The amplified signal has a small noise when the
amplified signal undergoes the threshold that the comparator
signal is deactivated. The noise is relatively lower than the
peak of itself and decays quickly so that the noise would not



affect the other signal. The SiPM signal detection was about
80.5% at I00MHz. As the target frequency is much lower than
100MHz, we can expect that almost all the signals coming
from the urine chemical light will be read and recorded with
the system. After the ASIC chip is confirmed, the SiPM board
will be replaced with ASIC chip. Then the board itself will be
downsized and easier to be assembled.

IV.CONCLUSION

We developed an ASIC chip, test board, photon generator,
and test amplification circuit for the urine chemical
luminescence. The ASIC chip passed the test with its test
board. SiPM was tested with the same layout of the developed
ASIC chip and showed satisfactory results. The fully
integrated board will be manufactured for the final product.
The detection system developed in this research is minimal
and fast reacting. Thus, the final product of this research is
planned to be used as a ubiquitous health point of care testing
for healthy and diseased users. Results of point-of-care testing
tend to be discarded. Using a Mashup-Platform, Device-
Platform as an IoT platform comparison with subsequent
results and historical data will easily.
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