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Abstract—Existing miniaturized and cost-effective solutions for
bacterial growth monitoring usually require offline incubators with
constant temperature to culture the bio-samples prior to measure-
ment. Such a separated sample preparation and detection scheme
requires extensive human intervention, risks contamination, and
suffers from poor temporal resolution. To achieve integrated sam-
ple preparation and real-time bacterial growth monitoring, this
article presents a lab-on-a-CMOS platform incorporates an optical
sensor array, temperature sensor array, micro-heaters, and read-
out circuits. Escherichia coli’s (E. coli) optimum growth tempera-
ture of 37 °Cis achieved through a heat regulation system consisting
of two micro-heaters and an on-chip temperature sensor array.
A photodiode array with an in-pixel capacitive trans-impedance
amplifier to reduce inter-pixel cross-coupling is designed to extract
the optical information during bacterial growth. To balance the
footprint, power consumption, and quantization speed, a 10 b
column successive-approximation register (SAR)/single-slope (SS)
dual-mode analog-to-digital converter (ADC) is designed to digitize
the temperature and optical signals. Fabricated in a standard
0.18 um CMOS process, the proposed platform can regulate the
sample temperature to 37 +/— 0.2/0.3 °C within 32 mins. En-
abled by an on-chip heat regulation system and photodetectors,
the prototype demonstrates a real-time monitoring of bacterial
growth Kinetics and antibiotic responses. Minute-level temporal
resolution is achieved as this proposed platform is free of extensive
and time-consuming human intervention. The proposed platform
can be viably used in contamination sensitive applications such as
antibiotic tests, stem cell cultures, and organ-on-chips.

Index Terms—ADC, CMOS sensor array, E. coli, heating
regulation, lab-on-a-CMOS, micro-heater, optical sensing.
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Fig.1. Lab-on-a-CMOS platform for real-time monitoring of bacterial growth.

I. INTRODUCTION

and is ubiquitous in daily life. Although most bacteria in
the human body and around the human living environment are
harmless, several species of bacteria are pathogenic. They lead
to infectious diseases, some of which are fatal. The emergence
of bacterial infection and increased incidence of antimicrobial
resistance due to the widespread use of antibiotics in medicine,
intensive animal industry, etc. [1], [2], pose severe public health
threats worldwide. One of the common diseases caused by
bacterial, viral, and parasitic organisms is diarrhea. It has been
identified by the World Health Organization (WHO) as the sec-
ond leading cause of death in children under five years old, and
there are nearly 1.7 billion cases of childhood diarrhoeal disease
yearly [3]. To improve human’s life quality, various solutions
were employed to counter the challenges caused by harmful
bacteria, including medicine, healthcare, antibiotic susceptibil-
ity tests (ASTs), environmental monitoring, food screening,
etc [4], [5], [6], [7], [8]. Most of the studies and applications
related to microbes need to explore their growth characteristics,
including their nutritional and energetic physiology, survival,
and proliferation under different conditions. Therefore, probing
the growth process of microbes is an essential step and of great
significance [9]. For example, in medicine and pharmaceuticals,

B ACTERIAL is one of the first life forms to appear on earth
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monitoring microbe growth is crucial for researching and de-
veloping of antibiotics, antivirals, and vaccines. Understanding
microbial growth patterns helps in determining the appropriate
treatment strategies. While in the food industry, monitoring
microbial growth is critical to ensure food products are safe
for consumption. Contamination by harmful bacteria, such as
Salmonella or E. coli, can cause foodborne illnesses.

To date, various methods have been proposed to assess the cell
growth characteristics. These methods can be categorized into
offline and online, with a noticeable trend shifting from offline
to online approaches. One of the reasons is offline methods
require extensive manual intervention, stimulating the occur-
rences and rapid developments of various online techniques to
observe the characteristics of microbial growth [10]. Among
them, CMOS-based techniques have drawn significant attention
due to their compatibility with the advanced semiconductor in-
dustry. This feature allows for miniaturization, reducing reagent
and sample volume and enabling mass manufacturing at low
cost. Particularly, CMOS-based techniques have been pursued
as they could be integrated with other sensors, actuators, and
on-chip electronics, providing comprehensive sensing and actu-
ating capabilities for bio-applications that increasingly demand
integrated analysis.

Nowadays, CMOS ion-sensitive-field-effect-transistor (IS-
FET) [11], [12], [13], [14], [15], capacitive and impedance sen-
sors [16], [17],[18] have been widely used in various bio-sensing
applications, including the monitoring of bacterial kinetics.
Recently, optical-based methods, specifically characterizing the
amount of scattered or absorbed light by bacteria and correlat-
ing directly with bacterial population sizes, also show a great
potential to advance the other online and automated methods
for microbial growth monitoring [15], [19], [20], [21].

Nonetheless, existing works mainly focus either on detection
while paying less attention to the preparation of testing samples
or solely on cell incubation. Separated sample preparation and
detection cause several challenges for accurate cell monitoring.
First, it is prone to contamination and also suffers from limited
temporal resolution due to constant manual operation. Moreover,
constant perturbation of incubation environments and growth
could lead to inaccurate results, especially for monitoring anaer-
obic microbes. One challenge to achieving an online and inte-
grated cell analysis platform is the integration of cell detection
and culturing. Temperature is one of the most stressful factors
that demands careful attention and maintenance. By providing
the optimum temperature, bacterial growth can be promoted,
enabling faster reproduction and larger populations [22]. Mean-
while, a stable temperature environment minimizes temperature
dependence of bacteria growth as well as on-chip instrumenta-
tion. However, this temperature requirement by sensing target
is overlooked by most existing works that perform the experi-
ment without temperature regulation [17], [20]. Some methods
involve culturing the sample in an incubation chamber to handle
the temperature impact. Nevertheless, these systems require
manual pipetting of the sample periodically for subsequent
cell testing [13], [14], [15]. Simply placing the whole testing
setup in the temperature chamber avoids these potential negative
impacts but results in a limited application scenario due to the

requirement of a bulky temperature chamber [21]. To decrease
the temperature impact, reduce the manual intervention to a min-
imum, achieve higher temporal sensing resolution, and lower the
contamination risk, it is essential to design an integrated cell in-
cubation and detection platform with well-regulated temperature
(e. g., 37 C for Escherichia coli (E. coli)) for bacteria growth.
Moreover, on-chip readout electronics is also very necessary to
be integrated to reduce the cost, power consumption, size, etc.,
towards portable bio-sensing systems [23].

The major contribution made by this work to push the re-
search boundaries of the present cell monitoring is proposing
a highly integrated Lab-on-a-CMOS (LoC) platform to probe
the feasibility of integrated sample preparation and real-time
bacterial monitoring under the required temperature environ-
ment. Although there have been reported thermal regulation
systems for various applications, such as DNA polymer chain
reaction (PCR) and cell culturing [24], [25], [26], [27], to the
best of our knowledge, this is the first attempt to combine optical
sensor, temperature regulation, and on-chip readout electronics,
providing an integrated analysis on a highly integrated CMOS
chip for real-time bacterial growth monitoring and its response
to antibiotics. The proposed LoC, an extension of [28], as shown
in Fig. 1, uses CMOS photodiodes to detect optical signal
correlating with bacterial concentration. The LoC also integrates
micro-heaters, temperature sensors, and additional electronics to
regulate the on-chip sensing targets to the desired temperature.
A tube coated with parylene-c is mounted and glued above the
packaged chip for sample culturing. Following brief introduction
and simulation results of this work in the conference paper [28],
this article presents detailed circuit implementation, charac-
terization results of individual sensor nodes, analog-to-digital
converter (ADC), temperature regulation, and on-chip biologic
test, as well as discussions of the proposed LoC platform.

The remainder of this article is organized as follows. Section II
introduces the system architecture of the proposed LoC platform,
circuit implementation, and system operation. The characteri-
zation results of the fabricated CMOS chip and discussions are
illustrated in Section III. Section IV presents on-chip bacterial
culturing and detection to demonstrate the proposed functional-
ities, followed by conclusions of this work in Section V.

II. DESIGN OF THE LAB-ON-A-CMOS PLATFORM
A. Chip Architecture

The proposed LoC platform employs a column-parallel archi-
tecture, as illustrated in Fig. 2. It consists of a photodiode array,
temperature sensor array, micro-heaters, column ADC, biasing
circuit, row decoders, and input/output channels (I/O). Since
the bacteria are present in suspension format in the Luria Broth
(LB) medium, the bacterial density is not uniform across the
whole tube. To accurately measure the bacterial concentration,
two approaches can be considered. The first is to implement
a single photodiode with a sufficient sensing area capable of
accommodating all the bio-samples above the CMOS chip.
Alternatively, a photodiode array can be designed, distributing
sensor nodes across the CMOS chip. In this case, an aver-
aged measurement of the sensor array is utilized to indicate
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Fig. 2. Block diagram of the proposed LoC platform.

the concentration of the bio-sample. Due to the limitation of
stacking optical, temperature sensors, and heaters on the same
substrate in the standard CMOS process, the optical sensor is
implemented as an array. This approach allows for adequate
space allocation to accommodate the heaters and temperature
sensors, enabling sensor fusion to achieve integrated analysis for
bio-samples. The implemented optical sensor array consists of
40 20 photodiodes. The current generated by the photodiode is
converted to a voltage by a capacitive transimpedance amplifier
(CTIA) within the pixel instead of a column amplifier to reduce
the interference in the column. Similarly, the temperature sensor
is also designed as an array to detect the averaged temperature
of the solution. In the column, photocurrent and temperature
signals are multiplexed to share a column analog-to-digital
converter (ADC) with an adjustable reference voltage. The 20
ADC outputs are multiplexed to 5 I/O channels, severing for
digitized results output.

The heating power provided by the on-chip micro-heaters are
controlled by an off-chip pulse-width modulation (PWM) signal.
The temperature sensor array and micro-heaters consist of a
feedback system that regulates the on-chip samples to a specific
temperature. An FPGA provides the chip control signals and
receives the data back for subsequent processing.

B. Optical Sensing

As shown in Fig. 3, once the light source is on, light emission
will travel through the on-chip bacteria and reach the photodiode
underneath. An in-pixel CTIA [29] is employed to convert the
photocurrent to voltage instead of using 3 T APS to pursue a
higher sensitivity [30]. The resulting output voltage of the CTIA
can be described as:

Ipg t
Cint

Vout = (1)
where Ipq is the photocurrent decided by the input light strength
and bacterial concentration, t is the integration time, and Cin¢
is the feedback capacitor. With a fixed input light intensity and

integration time t, Ipng and thus Vot solely dependents on bacte-
rial concentrations. Assuming the CTIA has an ideal operational
transconductance amplifier (OTA), the photodiode is held at a
constant voltage. Therefore, any photocurrent Ipg generated will
be integrated on Cint. By designing a small Cjnt, the pixel output
Vout can be highly sensitive to Ipq, as described by (1). Instead of
choosing a Metal-Insulator-Metal (MIM) capacitor, which has
a much larger minimum capacitance, the Cjn¢ is implemented
using a Metal-oxide-Metal (MoM) Capacitor with a capacitance
of 7.5 fF to boost the optical sensitivity. For a larger signal
range, 3.3 V devices are used. A native transistor is employed
in the pixel’s driving stage to provide a larger voltage swing
due to its lower threshold voltage. The photodiode employs
an N-well/p-sub structure with a size of 8.5 um 8 um. The
operational transimpedance amplifier is a single-ended cascode
common-source amplifier with an open-loop gain of 65 dB. A
3 T low leakage reset switch is used to reduce its leakage current
injected into the integration node of the CTIA [31].

C. Heating Regulation

The temperature regulation is realized through a temperature
sensor array, two poly-silicon heaters, FPGA, and a heater con-
trol circuit, as shown in Fig. 3(b) to (d). The temperature sensing
front-end is implemented with a diode-connected bipolar junc-
tion transistor (BJT) instead of a MOSFET counterpart, consid-
ering to have better accuracy after one-point calibration [32]. The
temperature signal is buffered before digitization by a p-channel
source follower to maintain its linearity. The temperature signal
is simulated to have a sensitivity of 2 mV/ C and excellent
linearity (R? 1) within a sensing range of 20 Cto60 C[28].

The flow chart for heating regulation is shown in Fig. 4.
Starting from sensing the temperature of the on-chip E. coli
solution, the FPGA will compare the sensed temperature with
predefined value, which is 37 C in this application. Depends
on the temperature comparison result, FPGA will change the
PWM signal accordingly. Through the heater control circuit
and poly-silicon heaters, the PWM signal from the FPGA is
transformed into heating power for the E. coli solution. The
micro-heaters are connected with an off-chip power MOSFET
switch. The control signal is buffered by two inverters to control
the power MOSFET so as to reduce the signal delay. Using this
thermal closed-loop feedback, the temperature of the E. coli
solution, therefore can be regulated to a predefined value of
37 C. It should be noted that the heat generated by the chip
itself, although negligible compared to heaters, is also sensed
by temperature sensors and, therefore, regulated by the thermal
feedback loop.

Poly-silicon heater, commonly used as a thermal actuator for
a variety of physical sensors [33], [34], [35], [36], is employed
as a heating source and implemented on the CMOS chip. The
width of each heater is designed to be 10 um, and the total length
is 3900 um to enclose the sensor array. Serpentine routing is
used to break the long line into a parallel format to be easily
integrated with other blocks. The heating power provided by a
single heater is designed to be 270 mW. The FEM simulation
for chip heating regulation is illustrated in Fig. 5(a), while the
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diagonal temperature profiles of chip and water solution surfaces
are provided in Fig. 5(b). Using 40% of the total power con-
sumption to heat 120 uLL water, the designed heating regulation
system can reach an averaged temperature crossing 34.3 C to
39 C, which corresponds to a desired temperature of 37 C +/
2/2.7 C for the whole on-chip liquid. The maximum standard
deviation of temperature distribution at xy planes occurs at the
bottom plane of the sample solution, which is 0.21 C. At the
middle plane of the sample solution, the standard deviation of
temperature distributiondropsto2.7 10 © C.The temperature
distribution is more uniform at the solution top which shows
a standard deviation of merely 3.8 10 8 C as revealed by
the FEM simulation. The temperature of the sample solution
decreases linearly along the z-axis. The center temperature
of the z-axis 36.6 C equals the average temperature along
the z-axis. This equivalence indicates the center temperature
could be used to represent the average temperature of the
sample solution.
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Fig. 5. FEM simulation for chip heating regulation. (a) temperature profile
of thermal system using poly-silicon heaters for 120ul. water; (b) diagonal
temperature profile of chip and water surfaces.

D. Column SAR/SS Dual-Mode ADC

The temperature signal and optical signal share a 10b column
ADC through an analog multiplexer, as shown in Fig. 3(e),
for signal digitization. The column ADC is implemented as a
successive approximation-register (SAR) and single-slop (SS)
dual-mode to balance the chip area, power, and quantization
speed [37]. A similar ADC structure is also shared by another
design [38], and the major difference lies in achieving different
sampling rates. The input analog signal is sequentially converted
into upper 6b and lower 4b using SAR ADC and SS ADC,
respectively. As shown in Fig. 3 f, Vramp for SS ADC is
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generated by a global capacitive digital-to-voltage converter
(DAC), which has higher accuracy than the current source type
and consumes less power than resistive ladder DAC. All the
column SS ADCs share a global counter to further reduce the
chip area.

The operation of this hybrid ADC is shown in Fig. 6(a)
and Fig. 6(b). After the analog signals are sampled, CDAC
capacitor array controlled by SAR logic is employed for the
6bnse quantization. During the SAR ADC operation, CDAC,,
is held at Vyrep2 after sampling. For the subsequent 4b SS
quantization, the least capacitor 1 C of CDAC, is used to couple
the ramping voltage, Vramp, to trigger the SS latch. During the
SS operation, the other capacitors of CDAC, remain connected
to Vrer2 while the CDAC,, remains controlled by SAR latch.
External ramping voltage can also be applied to the SS ADC
for error correction to improve the integral non-linearity (INL)
and differential non-linearity (DNL). As shown in Fig. 6(c), the
latched comparator is designed with a 3-stage pre-amplifier to
suppress the latch noise [39]. Each pre-amplifier has an open-
loop gain of 4. SAR and SS ADC share the latched comparator
to reduce the column area. Auto-zeroing is first initialized for
every quantization loop to remove the pre-amplifier’s offset.

E. System Operation

The operation flow for the proposed LoC is illustrated in
Fig. 7(a). The LoC platform starts with heating regulation. It’s
completed through a thermal feedback control system consisting
of temperature sensing and heating power control, following the
flow chart illustrated in Fig. 4. After the on-chip sample is heated
and stabilized at the targeted 37 C, which is the optimum growth
temperature of E. coli, optical sensing is performed to monitor

Heating ]
Power Self- SEL — E
Adjustmen RST —— Y—m—————————— a2
=
V()L, 'l E
SEL | 2
Temperature :
Sensi Voum e e
ensing
az |
On-chip E. SAM
SAM, [
f - #
Vi Vs — _/ N\
Optical Dour -
Reading T » d
Auto-Zeroing Sampling:  6b SAR  3/4b SS
(2) (b

Fig. 7. (a) Operation flow of the proposed system; (b) timing diagram.

the bacterial growth in real-time. For the temperature sensing and
optical sensing process, the timing diagram is shown in Fig. 7(b).
For optical sensing, ADC first performs auto-zeroing and then
samples the reset voltage and signal from the selected photodi-
ode pixel for quantization. While for temperature sensing, ADC
uses an off-chip temperature-independent reference voltage and
quantizes the temperature signal from a selected BJT pixel. The
rest of the operation sequentially follows the SAR and SS ADC
logic, generating 10b digital code and is delivered to FPGA
for subsequent processing. Since a large sampling capacitor is
used and array averaging is performed in the signal readout,
the limiting factors for system performance are linearity and
quantization noise instead of random circuit noise.

III. EXPERIMENTAL RESULTS
A. Chip Fabrication and Testing Platform

A prototype LoC platform is fabricated using a standard
0.18 um 1P6M CMOS process. The chip micrograph with the
main blocks highlighted is shown in Fig. 8(a). The chip occupies
asiliconareaof 2mm 3 mm.4 20 BJTs are designed, and
one temperature pixel is inserted every 10 photodiodes. Two
poly-silicon micro-heaters lie at the two sides of the sensor core.
The sensing part occupies a chip area of 612 um 1470 um.
SAR/SS ADC successfully fits in the column pixel slice due to
its hybrid topology.

The chip is wire-bonded on a customized printed circuit board
(PCB) and glued with epoxy to prevent the bonding pads and
bonding wires from electric shortage during wet testing, as
depicted in Fig. 8(b). An additional parylene-c layer is coated on
the epoxy to prevent chemical contamination and facilitate chip
cleaning. A reservoiris glued above the fabricated chip to accom-
modate the bacterial sample for real-time growth monitoring, as
shown in Fig. 8(c). A 3D printed chamber is mounted on the
chip-bonded PCB, working as an LED light stand and reducing
environmental light and temperature influence. The chip-bonded
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bonded and packaged with epoxy for wet testing; (c) chip on PCB packaged
with a tube for bacteria; this core board is coated with 3um thick parylene-c.

PCB is inserted into an FPGA and connected with an off-chip
circuit for the LED light source and heating power control.
The FPGA is connected to a PC through a USB connection to
facilitate the configuration of the chip control program and data
visualization. To better observe the growth kinetics of bacterial
samples, the chip testing setup is placed on a shaker to reduce
sample sedimentation. The whole testing setup is placed in a
dark chamber to eliminate the environmental light influence and
further reduce the environmental temperature impact.

B. ADC Static Performance

ADC static performance, DNL, and INL, are characterized
and shown in Fig. 9. Running at 100 kSPS, the SAR/SS ADC
achieves a DNL of +1.1/ 1 LSB and INL of +2.7/ 1.8 LSB.
There are 5 missing codes in total and capped in 1 LSB. Code
length variation mainly occurs during the transition from SAR
to SS mode. This nonlinearity is due to the parasitic layout mis-
match and latch comparator noise. The static performance can
be improved to +0.82/ 0.9 LSB DNL and +2.2/ 1.1 LSB INL
using a redundant bit for error correction through external ramp-
ing voltage. However, the ADC resolution drops 1b accordingly.
The achieved INL and DNL are sufficient for the acquisition of
temperature and optical signals without calibration and error
correction.

C. Temperature Calibration and Regulation

The accuracy of the BJT-based temperature sensor is first mea-
sured to verify its functionality and reliability to be employed
in the heating regulation system. The averaged ADC outputs
within the temperature range of interest are plotted in Fig. 10.
Two-point calibration method, the first data point 23.6 C and the
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Fig. 10.  Averaged ADC outputs of the temperature sensor array, its linear fit

within the temperature range of interest and sensing accuracy. The temperature
measurement errors are calculated using a two-point calibration method.

last data point 51.7 C, are used to calibrate the temperature and
ADC outputs. The achieved sensing accuracy is +0.15/ 0.37 C
as shown in Fig. 10.

After verifying the temperature sensing performance, tem-
perature calibration is performed to correlate the averaged tem-
perature sensor array output to the temperature of the on-chip
solution sample measured by a thermal couple. A 120 uL LB
is filled in the plastic tube, and the thermal couple is inserted
to measure the sample temperature. The heater control PWM is
varied at a step of 12.5% modulation cycle to provide different
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