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Abstract — This work presents a portable wireless urine detection 
system which consists of an electrochemical readout application 
specific integrated circuit (ASIC) and a biosensor composed of 
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) and 
carbon nanotube (ABTS-CNT) for the detection of urine albumin-
to-creatinine ratio (UACR). The ASIC includes a potentiostat, a 
digital circuitry and a power management circuit which can 
perform electrochemistry techniques with a dual-channel screen-
printing carbon electrode (SPCE). Electrochemical experiments 
on the proposed biosensor (SPCE|ABTS-CNT|Nafion®) have 
revealed promising sensing characteristics for creatinine and 
human serum albumin detection. Practical urine tests has 
demonstrated the capability of the proposed urine detection 
system for UACR detection with both the power-efficient readout 
ASIC and the ABTS-CNT biosensor. A user-friendly prototype has 
also been designed which can be useful for either personal health 
administration or homecare. 

Keywords: current readout circuit, VCO-based continuous-time 
delta-sigma modulator, screen-printed carbon electrode, urine 
detection system, electrochemistry acquisition, urine albumin-to-
creatinine ratio. 

I. INTRODUCTION 

wing to the increasing stress in modern society and the 
irregular lifestyle, cardiovascular diseases have become a 

serious health concern with a high mortality rate worldwide. 
According to a recent survey by the World Health Organization 
(WHO) [1], cardiovascular diseases account for over 31% of all 
global deaths in 2016, and an estimated 17.9 million people died 
from such diseases. To address these problems, the WHO 
suggested that among the keys to successful treatment and 
prevention of such diseases is the early detection. Several 
cardiovascular diseases, such as hyperlipidemia, hypertension, 
and heart failure, can be prevented by detecting the risk factors 
highly associated with these diseases, especially some specific 
biomarkers in body fluids. Therefore, a reliable detection system 

and a platform for the rapid test of cardiovascular risk factors 
must be developed. Such a system can be popularized by 
ensuring the preventive assessment is user-friendly. However, 
the diagnosis of cardiovascular diseases is conventionally 
confirmed by blood examination, which is an invasive procedure 
because it involves collecting blood samples. Such an invasive 
method is usually inconvenient and time-consuming which may 
dramatically delay the assessment of risk factors for the early 
detection. Detecting these risk factors from urine is an emerging 
candidate for noninvasive diagnosis. In previous medical studies, 
several important biomarkers in urine has been focused, such as 
the creatinine and albumin [2]. These two biomarkers usually 
form the urine albumin-to-creatinine ratio (UACR), which is a 
well-known urinary index for examining kidney functions and 
cardiovascular diseases. Creatinine is the by-product of the 
spontaneous dehydration of muscle creatine and the 
dephosphorylation of creatine phosphate in muscle metabolism. 
The concentration of creatinine in healthy human serum and 
urine ranges from 40 μM to 150 μM [3] and 5.92 mM to 19.01 
mM [4], respectively. As it is excreted by glomerular filtration 
at a relatively constant rate, urine creatinine is used not only as 
an important index of renal glomerular filtration rate but also as 
an internal standard for testing urine adulteration and 
normalizing urinary biomarkers, such as albumin. Human serum 
albumin (HSA) is the most abundant protein in blood serum. The 
concentration of HSA is regarded as an indicator of presence of 
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Fig. 1. Block diagram of the proposed urine detection system which includes 
an electrochemical readout ASIC and a dual-channel biosensor. 
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various diseases, such as cardiovascular diseases, diabetes 
mellitus, and kidney diseases. Hence, the quantitation of HSA in 
biological fluids is important for the diagnosis of these diseases. 
The normal HSA concentration ranges from 3.5 mg/dL to 5.0 
mg/dL in the blood [5] and is less than 20 mg/dL in urine [6], 
respectively. 

II. PROPOSED ELECTROCHEMICAL SYSTEM  

Electrochemistry is usually adopted in noninvasive diagnosis. 
Electrochemical readout circuits have attracted public attention 
throughout the years [7-9] as the awareness of personal health 
monitoring. Compared with chromatography and spectroscopy, 
electrochemistry acquisition has the capability of integration and 
rapid detection, and thus can be utilized in sensor applications. 
A reliable three-electrode sensor and an electrochemical readout 
circuit are necessary to provide redox reaction and implement an 
electrochemical system for the UACR detection. The block 
diagram of the urine detection system proposed herein is given 
in Fig. 1. It is composed of an electrochemical readout 
application specific integrated circuit (ASIC), a dual-channel 
biosensor, an external MCU with Bluetooth module for wireless 
transmission, and a smartphone application (APP) as the user 
interface. The readout ASIC includes a potentiostat, a digital 
circuitry and a power management circuit which can perform 
electrochemistry techniques, such as chronoamperometry (CA) 
and cyclic voltammetry (CV), with the dual-channel biosensor. 
The proposed potentiostat for three-electrode electrochemical 
measurements includes a current readout circuit and a waveform 
pattern generator that are implemented by a current-sensing 
voltage-controlled oscillator-based (VCO-based) continuous-
time delta-sigma modulator (CTDSM) and a hybrid resistor-
based digital-to-analog converter (R-DAC), respectively. The 
electrochemical cell is stimulated by a fixed (in CA) or a 
triangular (in CV) voltage waveform through the hybrid R-DAC. 
The redox reaction current (IWE) sensed from the working 
electrode is directly quantized by the VCO-based CTDSM with 
a decimation filter for signal acquisition. The input instruction to 
the internal controller and the output data from the decimation 
filter are transmitted in a universal asynchronous receiver-

transmitter (UART) package by the signal processing of digital 
circuitry. Finally, the measurement result is displayed on our 
developed APP by the external Bluetooth module. Moreover, 
combined with the dual-channel electrochemical biosensor 
developed in our previous work [10], which consists of the 
composite of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid) and carbon nanotube (ABTS-CNT), the two biomarkers 

Potentiostat

Vout

R

C

W

RTIA

   ADC

DOUT

DIN

Conventional
Readout Circuit

3-electrode 
sensor

Electrochemical Solution         
Equivalent Model

Z1

Z2

C

R

W

i

   DAC

 
(a) 

Potentiostat

R

C

W

DIN

Proposed 
Readout Circuit

Current-
sensing VCO-

based DSM

DOUT

Decimator

3-electrode 
sensor

Electrochemical Solution         
Equivalent Model

Z1

Z2

C

R

W

i

   DAC

(b) 

Fig. 3. (a) Conventional architecture of potentiostat with the TIA topology. (b) 
Proposed readout circuit with a direct connection to the sensor in potentiostat.
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Fig. 4. (a) Topology of the current-sensing VCO-based 2nd-order CTDSM. (b) 
Circuit architecture of proposed VCO-based CTDSM for sensor application. 
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Fig. 2. Configuration of the proposed dual-channel electrochemical biosensor. 
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(i.e., creatinine and albumin) can be easily and readily detected 
by the proposed urine detection system. Hence, this system is 
suitable for the noninvasive early detection of cardiovascular 
risk factors. 

For UACR detection, an electrochemical sensor with high 
sensitivity and selectivity to the two urinary biomarkers (i.e., 
creatinine and albumin) has been developed. The configuration 
of the proposed electrochemical biosensor, which consists of the 
SPCE modified with the ABTS-CNT composite, as well as a 
Nafion® overlayer to minimize the interference in practical 
urine tests, such as uric acid and tyrosine, is provided in Fig. 2. 
Creatinine detection is based on the oxidation of ABTS and the 
subsequent chemical reaction between the ABTS radical cations 
(ABTS2+) and creatinine. The two steps of the redox reaction are 
depicted in Fig. 2. The amperometric tests by an electrochemical 
analyzer (CHI 660) have revealed the promising sensing 
characteristics of the biosensor, including a high sensitivity of 
28.08 µA cm−2 mM−1, a wide linear range of 0–21.3 mM, a fast 
response time of less than 60 s, and a low limit of detection of 
10.92 µM. By comparison, HSA detection is based on the SPCE 
modified with the ABTS-CNT dispersion solution without the 
addition of an Nafion® overlayer because the tyrosyl and 
tryptophanyl amino acid residues in HSA can be oxidized on the 
carbon electrode. The proposed dual-channel biosensor looks 
like a “smiling face”, where the two eyes are coated with the 
ABTS-CNT composite with and without Nafion® for the 
detection of creatinine and albumin respectively, and the 
material used for printed reference electrode (RE) on the nose is 
the AgCl. The counter electrode (CE) and the 4-pin connectors 
are all made of carbon electrodes. Owing to the different 
physical and electrochemical properties of the two biomarkers, 
different electrochemistry techniques should be applied, such as 
the CA for creatinine detection and the CV for HSA detection. 
Based on the amperometric characteristics and the area of the 
targeted working electrode, the peak reaction current of 
biosensor examined from the experiment results is about 150 µA 
in the CV measurement of HSA detection. 

The core of the analog readout circuit is the potentiostat, 
which can provide redox reaction and signal acquisition. In 
three-electrode electrochemical measurements, the conventional 
approach for detecting sensor currents is to employ a trans-
impedance amplifier (TIA) at the analog front end (AFE), as 
shown in Fig. 3(a). Although this TIA topology is 
straightforward in terms of circuit implementation, the use of an 
extra operational amplifier usually leads to higher power 
consumption and noise contribution. The direct current-sensing 
technique is considered as an alternative approach [11] in the 
readout circuit. In this topology, the analog-to-digital converter 
(ADC) must directly digitize the sensor current within a non-
amplified input signal dynamic range and requires the same 
input-referred noise and linearity performance as that of a TIA. 
In this work, a current-sensing VCO-based 2nd-order CT delta-
sigma ADC modified from our previous work [12] is proposed 
as the readout circuit in potentiostat, as shown in Fig. 3(b). Via 
the high DC loop gain of DSM, the voltage on the working 
electrode can be forced to a desired bias voltage in the closed-
loop feedback network. The proposed VCO-based CTDSM 
features direct connection to the electrochemical biosensor 
without pre-amplifier, which can directly quantize the current 
signal from the redox reaction. Second-order noise shaping is 
achieved by using an additional capacitor as a passive integrator 
and a dual-VCO structure as a phase integrator. For sensor 
applications, the proposed architecture can perfectly act as an 
amplifier-less current readout circuit in potentiostat with a better 
power efficiency. 

In this study, a urine detection system with a power-efficient 
electrochemical readout ASIC and a dual-channel biosensor is 
proposed for UACR detection. This paper is organized as 
follows. Section III describes the design details and the circuit 
implementation of the proposed electrochemical readout ASIC 
and also shows the configuration of the proposed dual-channel 
ABTS-CNT biosensor. Section IV presents the measured ASIC 
performance and the experiment results of practical urine sample 
tests. Finally, a brief conclusion is drawn in Section V. 
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III. CIRCUIT DESIGN OF PROPOSED ASIC 

A. Current-sensing VCO-based CT delta-sigma ADC 

The topology of the proposed 2nd-order continuous-time 
low-pass DSM is shown in Fig. 4(a). It applies the multi-
feedback technique and the multi-bit quantization, which adopts 
a current integrator and a VCO-based phase integrator to 
achieve second-order noise shaping. In this topology, almost all 
the coefficients in the loop filter are directly dependent on 
system specifications and hence become highly reconfigurable. 
The circuit architecture of the proposed VCO-based CTDSM is 
shown in Fig. 4(b). By applying the direct sensing technique to 
the electrochemical sensor instead of any pre-amplifier, the 
power efficiency defined in [13] can be substantially improved. 
The transfer functions and coefficients in the first and the 
second stages are expressed by the following formulas:  

∆𝑉஼ ൌ
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Where Vc is the output range on the input capacitor, Iin is the 
designed input amplitude equal to 150 µA in this work, Cin is a 
passive capacitance at AFE,  is the phase difference between 
the two Gm-CCOs, Kv is the voltage-to-frequency converter 
coefficient, N is the number of current controlled oscillator 
(CCO) stages, CCCO is the parasitic capacitance in each stage of 
CCO, VDD_CCO is the supply voltage of CCO, Gm is the effective 
transconductance of the input transistors in the second stage, 
and fs is the sampling frequency of DSM. 

According to these formulas, the proposed VCO-based 
current readout circuit can simply act as a 2nd-order CTSDM, 
the system coefficients of which are directly determined by the 
ratio of peak input current to passive capacitance (Iin/Cin) and 
the VCO tuning gain (Kv). The detailed structure of the 
proposed VCO-based CTDSM is presented in Fig. 5. Given that 
the current integrator in the first stage is achieved by charging 
Cin with the error signal (Iin-If), a current-steering DAC is 
required. Both large transistors and degeneration resistors are 
used to minimize the effects of flicker noise [14]. A dual-VCO 
structure acting as both the 4-bit quantizer and the phase 
integrator in the second stage is adopted to detect phase 
difference between the two Gm-CCOs, which can be realized as 
a differential pair with source degeneration, a 15-stage CCO for 
each branch path, and an XOR gate as the phase detector. For 
the negative-feedback path to the two Gm-CCOs, a degeneration 
R-DAC [15] is utilized to balance the branch currents and 
facilitate the convergence of frequency difference to zero in 
steady state, which only needs an extra thermometer-to-binary 
adder and a simple 4-to-16 decoder to ensure low power 
consumption. By this technique, the related parameters between 
the first and the second stages can be derived as 

𝐼஻

2
ሺ𝑅ା െ 𝑅ିሻ ൌ ∆𝑉஼ ൌ

𝐼௜௡
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.                        ሺ3ሻ 

In order to keep the linearity of KV acceptable, the ΔVC should 
be small enough, which maximum value is designed as 90 mVpp 
in this work to ensure the linearity of KV in the second stage. 

The 4-bit digital outputs of DSM are demodulated by 
adopting a decimation filter with the cascade structure similar 
to that we described in our previous work [16] for ECG signal 
acquisition. This structure includes a cascaded integrator-comb 
(CIC) filter, a compensation filter, an infinite impulse response 
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(IIR) filter, and an equalizer. The 4th-order CIC filter is used to 
downsample the output data of DSM and extend the bit length 
to achieve a high decimation ratio of 32 with sufficient 
attenuation of stopband. The compensation filter is applied to 
compensate the in-band gain loss of the previous CIC filter and 
flatten the passband by using an equiripple finite impulse 
response (FIR) filter. The whole decimation ratio of 64 is 
completed and a sharp transition band filter is constructed using 
the IIR filter to achieve a decimation ratio of 2 with fewer 
coefficients and a shorter delay time than the FIR filter. The 
main problem of its nonlinear phase is solved by appending an 
equalizer behind to minimize variations in group delay. The 
output data of DSM are demodulated via the digital circuitry 
and filtered at a signal bandwidth of 200 Hz and finally 
transmitted in UART 8-N-1 format [17] via Bluetooth. 

B. On-chip Waveform Generator  

The electrochemical cell is stimulated by the corresponding 
voltage waveforms to each electrochemistry by using a pattern 
generator in the potentiostat designed herein, and thus an on-chip 
waveform generator is necessary. In this work, the circuit blocks 
for the pattern generator consist of a hybrid R-DAC and a class-
AB amplifier as shown in the previous Fig. 1. The architecture 
of the 12- bit hybrid R-DAC with a 4-bit coarse segment and an 
8-bit fine segment is illustrated in Fig. 6(a). The fine segment is 
composed of an 8-bit R-2R ladder for saving the required 
amounts of switches and wires, whereas the coarse segment is 
utilized by a 4-bit resistor-string in thermometer with a binary-
to-thermometer decoder. The four MSBs of the 16-bit data word 
are decoded to drive 15 switches (E1 to E15), which connect one 
of the 15 matched resistors to either ground or VDD and the 
remaining 8 bits of the data word drive switches (S0 to S7) of a 
voltage mode R-2R ladder network. With this structure, the 
maximum DNL error is alleviated via the hybrid of the resistor-
string in thermometer instead of the pure R-2R ladder. For the 
rail-to-rail operation, a folded-cascode amplifier with class-AB 
output stage is implemented as the output buffer of hybrid R-
DAC for the three-electrode electrochemical measurement in 
potentiostat (Fig. 6(b)). The main design considerations include 
the gain error, driving ability and stability of this opamp. 
According to the equivalent model of the electrochemical 
solution drawn in Fig. 3, the situation is like a non-inverting 
amplifier operation where the feedback network is composed of 
the unknown Z1 and Z2, and the output driving current is equal to 

i from the redox reaction of the biosensor. Therefore, the gain 
error will cause a lower accuracy and can’t provide a precise 
working potential (ΔVWR). Because the feedback network is 
uncertain, both the output current and the phase margin should 
be designed large enough to ensure driving ability and stability 
for the sensor loading current. Under the same specification 
requirements, the class-AB structure can achieve a better power 
efficiency compared with other types of opamp, such as the 
conventional two-stage opamp. In this work, the DC gain is 
designed approximately to 100 dB with a bandwidth of 1.8 MHz, 
and the phase margin is designed to 73° for the stability. The 
output current are designed approximately to 150 µA according 
to the peak reaction current of biosensor examined from the 
experiment results. 

The proposed generator can stimulate two types of waveform 
pattern for the working potential (ΔVWR) according to the 
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Fig. 9. (a) Operation principle of the proposed BGR compensation. (b) The 
simulation of TC over the resistor variation before and after compensation. 
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different electrochemistry techniques for the two biomarkers, 
which are correspondingly a step of 1.05 V for CA and a 
triangular wave of 0–0.8 V at a sweep rate of 0.1 V/s for CV. 

C. Power Management Circuit 

The implemented power management circuit includes low-
dropout regulators (LDOs) and a bandgap reference (BGR). The 
schematic of the LDOs that can provide 1.8 and 3.3 V supply 
voltages for the ASIC is given in Fig. 7. Quiescent current, 
stability, line regulation, and load regulation are the important 
design issues in power management circuits. The closed-loop of 
the LDOs consists of an error amplifier, a buffer stage that serves 
as the stability compensator and level shifter, a pass transistor, 
and two feedback resistors. The feedback network can regulate 
the output voltage to achieve a desired line regulation and load 
regulation and accordingly a clean power supply for the entire 
electrochemical system. 

A BGR circuit is required to achieve the precise output 
voltage and provide Vref for the LDOs. The detailed circuit 
implementation in transistor level of the proposed BGR that has 
the ability against resistor variations is depicted in Fig. 8. 
Conventionally, BGR can achieve a good temperature 
coefficient (TC) when the specific ratio of proportional to 
absolute temperature (PTAT) current and the complementary to 
absolute temperature (CTAT) current is attained under certain 
circumstances. TC is commonly compensated by adjusting the 
ratio in accordance with the process variation. Unlike the 
conventional compensation of manual trial with a resistor and a 
switch array, the mechanism of the proposed BGR without off-
chip trimming proposed herein is illustrated in Fig. 9. Under the 
assumption that the op-amp in BGR is ideal, the main factor 
influencing BGR is the variation in the resistance value R1. The 
correlation is like a V-shaped curve, as shown in the left part of 
Fig. 9(b), with the x-axis as the resistance value and the y-axis 
as the TC of BGR. Variations in resistance are suppressed by 
introducing two compensation units, namely, INL1 and INL2. 
Given that a smaller resistance R1 implies a stronger PTAT 
current than that of the optimized design, INL1 should provide a 
high-order CTAT current in low-resistance R1 situations, 
whereas INL2 should provide a high-order PTAT current in high-
resistance R1 situations. Compensation is achieved by MC1 and 
MC3, which serve as the current source and sink, respectively. 
The added or drawn current changes the current density of BJT 
to restore the optimal ratio of IPTAT and ICTAT. MC1 and MC3 are 
operated in subthreshold region for nonlinear compensation, 
which only generate the compensation current in the desired 
temperature region and maintain a negligible value in the other 
temperature regions. For example, the VGS of MC1 decreases as 
temperature increases, resulting in the CTAT characteristics of 
INL1. Similarly, the VGS of MC4 decreases as temperature increases, 
thereby creating a PTAT current INL2 through MC3. However, the 
amount of compensation should change accordingly to cancel 
out the effects of IPTAT variations whenever the resistor process 
shifts toward point A or point C from point B. The mechanism 
is realized by controlling the current source of compensation 
path. When R1 increases, the output voltage of the amplifier and 
VB1 also increases, resulting in a decrease in INL1 and an increase 
in INL2, as shown in Fig. 9(a). By simply combining these two 
compensation units, a flat curve of TC after compensation can 
be obtained throughout the resistor variations in R1, as shown in 
the right part of Fig. 9(b). 
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Fig. 11. Measured amperometric responses of the interference minimization 
for creatinine detection with the Nafion® overlayer in actual urine samples. 
The curves of successive additions of (i) creatinine without interference, (ii) 
creatinine with interference, (iii) tyrosine, and (iv) uric acid are all plotted for 
the comparison.  
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Fig. 10. (a) CA measurement results and (b) CV measurement results of 
the creatinine and albumin detection. 

Authorized licensed use limited to: National University of Singapore. Downloaded on July 04,2021 at 03:35:00 UTC from IEEE Xplore.  Restrictions apply. 



1932-4545 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBCAS.2021.3087475, IEEE
Transactions on Biomedical Circuits and Systems

 

 

IV. MEASUREMENT RESULTS  

A. Amperometric Characteristics of ABTS-CNT Biosensor 

The results of amperometric tests by CHI 660 on the 
proposed electrochemical biosensor are shown in Fig. 10. The 
results of CA experiments for creatinine detection are obtained 
by stimulation at a fixed potential of 1.05 V to each successive 
addition of creatinine (Fig. 10(a)). The calibration curve can 
achieve a coefficient of determination (R2) of 0.997 compared 
with the standard concentration tested using a biochemical 
analyzer (TBATM-25FR). For HSA detection, CV measurements 
(Fig. 10(b)) are performed within the potential range of 0–0.8 V 
after 30 minutes soaking the biosensor in the tested urine. 
Experiment results show an anodic peak current density at 0.7 V, 
which increases as HSA concentration increases. The calibration 
curves of the different HSA concentrations are obtained by each 
current density at 0.7 V within the range of 0.1–10 mg/dL and 
can achieve an R2 value of 0.99.  

The interference due to actual urine samples for creatinine 
detection is minimized by applying a Nafion® overlayer. The 
amperometric responses of the proposed biosensor to successive 
additions of (i) creatinine with major interferences in urine, 
including (iii) tyrosine (Tyr) and (iv) uric acid (UA), are given 
in Fig. 11. According to the level of normal concentration in 
urine, each addition for curves (i), (iii), and (iv) is 2, 0.08, and 
0.022 mM, respectively. The amperometric response of 
creatinine increases higher than that of Try and UA. The curve 
(i) without interfering species and (ii) with interfering species 
show little difference, suggesting a high selectivity by covering 
the ABTS-CNT composite with a Nafion® overlayer. 

B. ASIC Performance 

The proposed electrochemical readout ASIC fabricated in 
TSMC standard 0.18 μm CMOS process occupies a total chip 
area of 3.1 mm2, and a microphotograph labeled with each circuit 
block is given in Fig. 12. The proposed current-sensing VCO-
based 2nd-order CTDSM consumes 580 µW operating at 25.6 
kS/s under 1.8 V supply to act as an alternative current readout 
circuit mentioned in Fig. 3(b). The total power consumption 

increases to 595.7 µW at AFE including the decimation filter and 
the other digital circuitry, leading to a slightly degraded power 
efficiency of 0.9. The measured power spectrum of the proposed 
DSM output without demodulation is shown in Fig. 13. The 
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Fig. 12. Microphotograph of the proposed ASIC. 
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Fig. 14. INL and DNL measurement results of the hybrid R-DAC. 
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Fig. 13. Power spectral density of the proposed VCO-based CTDSM. 

Fig. 15. Load regulation of LDO with 3.3 and 1.8 V outputs. 
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input signal is a 50 Hz current sinewave generated by Keithley 
6221 with an amplitude of 145 μA, which almost covers the 
entire input range of the redox reaction current from the 
proposed electrochemical biosensor. The proposed CTDSM can 
achieve a peak SNDR of 72 dB, a spurious-free dynamic range 
(SFDR) of 76.8 dB, and a DR of 75.2 dB. The power efficiency, 
which is defined in [13] equal to the ratio of input current range 
to maximum consumed current, can be up to 0.93 without the 
digital circuitry in this design.  

The measurement results of the 12-bit hybrid R-DAC as the 
pattern generator for potentiostat are given in Fig. 14. The 
maximum DNL and INL is 1.75 and 2.51 LSB, respectively, 
where the critical DNL errors always occur at the moment of 
switching between the 4-bit coarse segment and the 8-bit fine 
segment. The error tones repeatedly appear per 256 input digital 
codes. The power consumption of the hybrid R-DAC is 
approximately 560 µW under 3.3 V supply, where the class-AB 
output buffer accounts for about 90% because of the driving 
ability for the sensor loading current and the stability for the 
uncertain equivalent feedback network in the tested solution. 

The measurement result of LDO for the power management 
of ASIC is shown in Fig. 15. The load regulation of 3.3V and 
1.8V LDO within the range of 0–5 mA and at an off-chip 
capacitor of 0.22 µF is 2.2 and 3.3 mV/mA, respectively. The 
line regulation of 3.3V is 11.2 mV/V with an input voltage of 
4.3–3.7 V from a Li-ion battery, and the line regulation of 1.8V 
LDO is 5.5 mV/V with an input voltage of 3.4–3.2 V. The 
quiescent current (IQ) of the 3.3-V LDO and the 1.8-V LDO is 
83 and 78.6 µA, respectively. With the two LDOs, the entire 
electrochemical system is supplied with clean power. The TC 
measurement results of BGR with and without the proposed 
compensation technique are given in Fig. 16. Without any 
compensation, the average TC of 10 samples is 86.51 ppm/°C, 
whereas the proposed BGR with the compensation technique 
against the resistor variation can achieve an average TC of 29.39 
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Fig. 17. Photograph of the integrated PCB within a portable device. The 
circuit block diagram of the PCB is as same as the one shown in Fig. 1.  
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Fig. 18. (a) Exploded view of the prototype for the urine detection system with 
the integrated PCB and the disposable SPCE. (b) Enlarged view of the 
connection interface between the SPCE and the portable device with the 
procedure of the use of prototype. 
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Fig. 16. TC profile of (a) 10 samples without compensation (b) 10 samples 
with the proposed compensation technique. 
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ppm/°C within 0 °C–120 °C. The best TC is 12.22 ppm/°C 
without off-chip trimming. The power supply rejection ratio 
(PSRR) is −40.7 dB at 1kHz and the current consumption IQ is 
58.3 µA, which can provide a reference voltage of about 0.6 V.  

The other detailed performances of each circuit block in the 
proposed ASIC are summarized in Table I. This work presents a 
power-efficient electrochemical readout ASIC for the proposed 
urine detection system, which consists of the required 
peripherals that are integrated in a printed circuit board (PCB).  

C. Experiments of Urine Tests 

A photograph of the integrated PCB within a portable device 
is given in Fig. 17. It mainly contains the proposed ASIC, an 
MCU with the Bluetooth module, and a single-pole-double-
throw switch with a 4-pin connector interface connected to the 
dual-channel SPCE. The PCB has an area of 26.06 mm × 21.59 
mm and can be placed into the portable device with a Li-ion 
battery. The prototype that can be used as a portable wireless 
urine detector for UACR detection is shown in Fig. 18. This 
prototype is made of an ultraviolet curable resin with a stereo 
lithography appearance, and the mechanism of the prototype is 
designed as a press-button type to make it convenient to use, as 
shown in Fig. 18(a). Fig. 18(b) shows an enlarged view of the 
connection interface between the SPCE and the portable device 
shown in Fig. 17, and the procedure of the use of prototype has 
also been illustrated as the practical experiment setups. The 
disposable SPCE can be simply aborted after one use and make 
a quick replacement for the next use.  

The National Cheng Kung University Hospital Institutional 
Review Board approved this research (IRB No. A-ER-106-421), 
and all of the patients enrolled gave their informed consent to 
participate the clinical trial. The experimental environment setup 
for testing actual urine samples by using the proposed urine 

detection system is illustrated in Fig. 19. The proposed 
electrochemical system is used to test several clinical urine 
samples for creatinine and HSA detection. Via the SPCE and the 
portable device, the redox reaction current signal sensed by the 
ASIC is displayed on the APP developed herein in real-time. The 
measurement results of the two biomarkers via CA and CV are 
shown in Fig. 20. The oxidation currents are calculated into their 
corresponding calibration curves, where each value of R2 is 

TABLE I 
SUMMARY OF THE DETAILED PERFORMANCE OF ASIC 

ASIC Summary 

Tech.      TSMC 0.18 µm 1P6M Area 1.871 x 1.655 mm2 

 Potentiostat @ 1.8V / 3.3V Power Management @ 3.7V ~ 4.3V 

Current-
sensing 
VCO-
based  

2nd-order  
CTDSM    

FS = 25.6 kHz                    
Bandwidth = 200 Hz          
Input Range = ± 150 µA 
Accuracy = 52 nA              
SNDR = 72 dB   
SFDR = 76.8 dB                
DR1 = 75.2 dB                   
Power Diss. = 580 µW      
Power Eff.2 = 0.93             

LDO     
(1.8V)    

Loading Current = 5 mA                
Line Regulation = 5.5 mV/V          
Load Regulation = 3.3 mV/mA      
IQ = 78.6 µA                    

LDO     
(3.3V)    

Loading Current = 5 mA                
Line Regulation = 11.2 mV/V        
Load Regulation = 2.2 mV/mA      
IQ = 83 µA                    

Hybrid  
R-DAC 

Output Range = 3.3 V 
Offset Error = -0.2 µV 
Gain Error = 0.03265 %   
DNLmax = 1.75 LSB  
INLmax = 2.51 LSB  

BGR     

Temp. Range = 0~120 °C             
Vref = 609.3 mV                        
Average TC = 29.39 ppm/°C 
Best TC = 12.22 ppm/°C 
PSRR = -40.7 dB @ 1kHz   
IQ = 58.3 µA                                  

Digital Circuitry @ 1.8V 

Dec. 
Filter       

Bandwidth = 185 Hz          
Word Length = 20 bits    
IMD3 = 70 dB                     

UART    

Baud Rate = 19200  
TX = 3 package/time 
RX = 2 package/time           
Foperation = 307.2 kHz                      

Core 
Power      

15.7 µW                                

1 DR = ± Input Range / Accuracy 
2 Power Eff. [13] = ± Input Range / Maximum Consumed Current 

SPCE
Prototype

Urine 
Sample

APP
Portable 
Device

Fig. 19. Experimental environment setup for testing practical urine samples 
by using the system proposed herein. 
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Fig. 20. Experiment results of (a) CA measurement for creatinine detection (b) 
CV measurement for albumin detection under practical urine tests. 
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equal to 0.995 and 0.964 compared with the standard 
measurement results tested by TBATM-25FR. The experiment 
results demonstrate the capability of the urine detection system 
for UACR detection. Hence, this system can provide not only an 
accurate measurement for biomedical analysis but also a useful 
system platform for commercial applications. The performance 
of the system relative to that of other state-of-the-art systems in 
terms of electrochemical readout is provided in Table II. The 
system proposed herein has a high power efficiency because of 
the proposed electrochemical readout ASIC. 

V. CONCLUSION 

This work presented a portable wireless urine detection 
system and a platform for UACR detection based on the 
proposed electrochemical readout ASIC and the ABTS-CNT 
biosensor. The ASIC fabricated in TSMC 0.18 μm CMOS 
process consists of a current-sensing VCO-based 2nd-order CT 
delta-sigma ADC and a hybrid R-DAC as the potentiostat at 
AFE to be able to perform electrochemical detection. The delta-
sigma ADC can achieve a wide DR of 75.2 dB with a high power 
efficiency of 0.9 and the hybrid R-DAC has a maximum 
DNL/INL of 1.75/2.51 LSB, respectively. The electrochemical 
ABTS-CNT biosensor with high sensitivity and selectivity to 
creatinine and albumin proposed herein uses a Nafion® 
overlayer to minimize the interference from actual urine samples. 
A customized prototype was fabricated. Experimental results 
demonstrated the capability of the proposed urine detection 
system and suggested that it is suitable for either personal health 
administration or homecare. Owing to the user-friendliness and 
convenience of the proposed urine detector, it can help to 
increase the willingness of users to adopt it, which is helpful for 
the early detection of cardiovascular risk factors.  
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TABLE II 
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