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Bio-sensors connect the biological world with electronic devices, widely used

in biomedical applications. The combination of microelectronic and medical

technologiesmakes biomedical diagnosis more rapid, accurate, and efficient. In

this article, the current-mode biosensing front-end integrated circuits (ICs) for

nanopore-based DNA sequencing are reviewed and analyzed, aiming to

present their operation theories, advantages, limitations, and performances

including gain, bandwidth, noise, and power consumption. Because biological

information and external interference are contained in extremely weak sensing

current, usually at the pA or nA level, it is challenging to accurately detect and

restore the desired signals. Based on the requirements of DNA sequencing, this

paper shows three circuit topologies of biosensing front-end, namely, discrete-

time, continuous-time, and current-to-frequency conversion types. This paper

also makes an introduction to the current-mode sensor array for DNA

sequencing. To better review and evaluate the research of the state-of-the-

art, the most relevant published works are summarized and compared. The

review and analysis would help the researchers be familiar with the

requirements, constraints, and methods for current-mode biosensing front-

end IC designs for nanopore-based DNA sequencing.
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1 Introduction

In the combination of bioengineering and integrated circuit technology, the

development of accurate current sensing integrated circuits (ICs) is a hot research

topic in recent years, especially in the field of biosensing systems, such as ion current

detection technology and nanotechnology as shown in Figure 1 (Awan, Wang, Quadir, &

Bermak, 2021). This trend of interdisciplinary penetration makes the real-time, sensitive,
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and robust biosensor system based on CMOS technology more

popular (Xu et al., 2019). For instance, the emergence of ICs for

DNA sequencing has promoted the research and breakthrough of

genetics and has great significance to the prevention of genetic

diseases.

DNA is a macromolecular polymer composed of

deoxynucleotides which can be classified into four classes

depending on the base: adenine (A), guanine (G), cytosine

(C), and thymine (T). With the discovery of the DNA double

helix structure in 1953, exploring DNA sequence and integrity

has become a research hotspot all over the world. From 1953 to

1968, DNA sequencing technology was mainly based on a small

number of nucleotide fragments and insulin protein (Coulter,

1953). The gene fragments are split and deciphered by optical

chromatography or electrophoresis, and the base sequence is

deduced from the optimal overlapping fragments (Z. Chen,

Burke, & Burns, 2006). In 1977, Sanger and Coulson

developed the dideoxy chain termination method, and Gibert

and Maxam invented the chemical cleavage method, both of

which separated gene fragments by biochemical methods and

then used polyacrylamide gel for electrophoresis (Bruno, Alls, &

Kiel, 2007). By 1987, Smith, Hood and others initiated the third-

generation sequencing technology by single-molecule fluorescent

labeling, which could sequence a DNA molecule (up to

1000 bases/day) (Soper, Flanagan, Legendre, Williams, &

Hammer, 1996). Although the fluorescence sequencing

method made the reading length long and time-consuming, it

was greatly shortened when the fluorescence changes are

recorded by a microscope. The labeled bases would produce

background light, which affected the sequencing accuracy. By

2012, based on Coulter’s idea of using an object in a limited

current path to change the resistance, Branton and Deamer

proposed for the first time that nanopore sequencing

depended on the electrical signal generated when DNA moved

through the hole in the membrane (Branton, 2008). This method

based on nanopores is deemed as the fourth generation of DNA

sequencing.

Compared with previously used sequencing methods using

molecular probes and fluorescent labels, nanopore-based DNA

sequencing is a label-free approach and meets the high speed and

high throughput of DNA sequencing, and its low cost also has

made this approach widely concerned and developed in recent

years (Stagni et al., 2006; A. Shaghayegh, 2016). The main process

of nanotechnology for DNA sequencing is shown in Figure 2. A

certain voltage is applied to the nanopores on both sides of the

bilayer lipid membranes (BLMs) through electrodes, first. When

four bases pass through the nanopores, the equivalent resistances

of the four bases are huge (usually at the level of GΩ) and have

different blocking effects, which cause a current drop. Therefore,

by detecting the change of solution current on both sides of the

BLMs and recording the detected base sequence, the purpose of

extracting genetic information from DNA can be achieved

(Dong, Jiang, Jiang, Huang, & Qin, 2020).

2 Fundamental and challenges

Although nanopore-based DNA sequencing might have

some difficulties in realizing in practice, it is undeniable that

FIGURE 1
Application and field of current sensing and measurement. (A) Ion detection and (B) nanotechnology (Hsu & Hall, 2018).

FIGURE 2
Process of nanopore-based DNA sequencing (‘WE’
represents ‘work electrode’ and ‘CE’ represents ‘common
electrode’) (Dong et al., 2020).
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the idea of forcing ssDNA to pass through nanopores is very

attractive and reasonable. Traditional DNA sequencing methods,

such as fluorescent labeling have the disadvantages of limited

detection range, lack of specificity, and low sensitivity. In

addition, due to the speed of several million bases per second

under the effect of an electric field and the slow data collection,

the small difference in measuring current between bases makes it

very difficult to achieve an acceptable signal-to-noise ratio (SNR)

at these timescales (Rosenstein, 2014). In addition, it is also

necessary to consider that the thickness of nanopores leads to the

passage of four bases simultaneously, which will lead to the low

time resolution of the system (Bao, Chen, Peng, & He, 2021).

Therefore, the characteristics of high gain and high precision of

the biosensing front-end are required.

For the precise current-mode sensor, the front-end ICs

mainly include working electrodes and common electrodes

inserted in the electrolyte solution, amplifier circuits for

converting current, and digital modules for subsequent data

processing. The bio-sensor captured current for DNA

sequencing is usually at the sub-pA level, accompanied by a

dark current of fA to nA and up to μA baseline current (Hsu &

Hall, 2018). Thus, it is crucial and challenging to choose an

appropriate circuit design with high gain and as low as a few of

several fA input-referred noise. Moreover, the translocation rate

of the DNA going through the nanopore is about 1–5 μs per base

(Zhang, 2012; Bao et al., 2021). Therefore, a circuit with relatively

high bandwidth of the order of 1 MHz is needed to detect the

current variations. The block diagram of the nanopore-based

DNA sequencing system is shown in Figure 3.

In this paper, according to the existing current-mode sensing

methods for nanopore-based DNA sequencing, the front-end ICs

can be divided into three categories, i.e., discrete-time (DT)

approach, continuous-time (CT) approach, and current-to-

frequency converter. These schemes are mainly based on the

realization of a transimpedance amplifier (TIA) with high gain

and low noise. The use of a TIA in biomedical applications is an

emerging and evolving field and requires in-depth research for

the improvement of performance parameters which overcome

multidimensional optimization problems. At present, due to its

simplicity and a reasonable trade-off between design parameters,

the TIA is mainly used in biomedical engineering field and

equipment design, such as pulse oximeter, blood glucose

meter, blood pressure meter, ECG, and EEG (Atef, Atef,

Khaled, & Abbas, 2020; Kumar & Vanita, 2021). The

application fields and principles are briefly introduced in Table 1.

As an analog front-end (AFE) choice for biosensors, we

mainly focus on the analysis of TIA design requirements, such

as bandwidth, gain, sensitivity, input reference noise, and power

consumption, which have a tradeoff with each other and make

the choice more challenging. In addition, the front-end ICs with

current sensing arrays will also be presented to provide ideas for

high-throughput DNA sequencing.

3 Current-mode sensing front end

In the preparation of nanopores, the essence is to reuse the

ion channels in biological membranes, such as the derivative

nanopores secreted by membrane suspensions named alpha

hemolysin (αHL) (X. Liu et al., 2022). Another way is to use

solid insulating materials, such as silicon nitride, to prepare solid

nanopores, which is relatively stronger than biological nanopores

at the signal transmission level.

However, irrespective of the preparation method, the

electrolyte solution (i.e., KCL solution) would be divided into

cis cavity and trans cavity by film-forming materials. Its

nanopore model can be equivalent as shown in Figure 4.

Cmem and R represent the membrane capacitor and nanopore

equivalent resistor (usually at 2 pF–20 pF and several GΩ),

respectively, Rs represents the resistance of the electrolyte

solution, and Ce represents the electrode capacitance.

Therefore, the TIA design with high gain and low noise is the

key to the design of the front end for nanopore-based DNA

sequencing (R. D. Maitra, 2012). The structural advantage of the

FIGURE 3
Block diagram of the nanopore-based DNA sequencing system.
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TIA is that it can minimize the input impedance through the

feedback loop, which achieves the purpose of attracting

biosensing current. The IC design schemes and working

principles of the three current-mode biosensing front ends

based on the TIA structure will be described in detail in the

following sections.

3.1 Discrete-time approach-based sensing
front ends

According to the principle of DNA sequencing based on

nanopores, clamping voltages need to be applied on both sides of

the biofilm, which is similar to the patch clamp system used to

measure ion channels. As a reference for the amplifier circuit,

among themethods of converting precise current, the most direct

way is to add resistive feedback elements in the feedback loop of

the TIA. The three main feedback methods can be summarized

and presented as shown in Figure 5.

Traditional TIAs use ohmic resistance in the feedback loop of

the amplifier to realize the conversion of current to voltage. Its

output voltage can be approximated as

Vin � IinRf o (1)

Iin is the output current of the equipment under test (DUT)

and Rfo is the feedback ohmic resistance. The linearity between

the input current and the output voltage can be well-maintained

by an ohmic resistor, but the sensing current Iin on the biofilm is

usually at the sub-pA level, which means that if the output

voltage is 1V, at least a few tens of resistors need to be integrated

on the chip, which significantly increases the area and power

consumption and limits the opportunity to realize the

multichannel sensing. In addition, the existence of stray

capacitance Cp with large resistance will also affect the

bandwidth and noise of the TIA, which are expressed as follows:

Vin � IinRf o
1

1 + sRf oCp
(2)

I2n,in �
4kT
Rf o

+ 2qIin + �V2
n,in−amp[ 1

R2
f o

+ s2(Cin + Cp)2] (3)

where �V2
n,in−amp is the input-referred noise of the amplifier, k is

the Boltzmann constant, T is the absolute temperature, and 2q Iin
represents the shot noise of the input devices. The influence of

Rin is ignored in this calculation as Rin << Rf0 often holds. In

terms of reducing the input–input reference noise and increasing

the transimpedance gain, the resistance of the transimpedance

resistor can be increased, but this will make its bandwidth and

area requirement limited and under pressure, which are

expressed as follows:

RT � Rfo
A0

1 + A0
(4)

RT ≤
f GBW

2πCINBW2 (5)

where RT is the DC gain accounting for the finite loop gain, A0 is

the DC gain of the amplifier, BW is the TIA’s -3 dB bandwidth,

and fGBW is the amplifier’s gain-bandwidth product (GBW).

This bound is known as the transimpedance limit at the quality

factor Q ≤ 1/
�
2

√
, which describes the tradeoff between the

TABLE 1 Applications of TIA in biomedical equipment.

Application field/equipment Principle/method introduction

Pulse oximetry Utilizing two wavelengths (IR and red) to measure blood oxygen saturation

Blood pressure measuring Using photoplethysmogram (PPG) to realize the cuffless detection device

Blood glucose measuring Using optoelectronics methods to complete blood pressure monitoring noninvasively

EEG/other brain function test Near-infrared spectroscopy (NIRS) based on multiple near-infrared wavelengths to measure different brain blood chromophores

FIGURE 4
Nanopore model (Dong et al., 2020).
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transimpedance and bandwidth of an R-TIA for a given amplifier

GBW (Ying & Hall, 2021). For the aforementioned reasons, TIA

front-end design with this structure is rarely popular.

In another way, the traditional MOS transistors with weak

inversion can be used as high-value pseudo-resistors instead of

the traditional ohmic resistor as shown in Figure 5. In this

structure, the voltage Vtune makes the PMOS in the sub-

threshold region so that the transistors provide large channel

resistance, which can be up to hundreds of GΩ. It is worth noting
that the biosensing current is usually accompanied by a pA–nA

dark current and baseline current, which makes the additional

noise increase. When a DC current flows through the pseudo-

resistor feedback element and the shot noise related to current

dependence begins to dominate, the noise of the MOS diode will

exceed the noise of ohmic resistance. In addition, as the voltage

Vtune is applied to the gate and drain of the transistor, the

equivalent resistors are easily affected by PVT. Therefore,

some research teams then conducted breakthroughs in this

direction, for instance, a multi-element pseudo-resistor in the

feedback path of an op-amp-based TIA which can be immune

against PVT variations and can be continuously tunable in the

bandwidth that is designed (Djekic et al., 2017).

The biological sensing signal is extremely weak and easily

interfered with by external noise. Another alternative feedback

element is a capacitive element, which can not only

reduce thermal noise but also improve the tradeoff between

gain, bandwidth, and noise, as shown in Figure 5. With

this structure, the output voltage of the TIA is an

integration of current across a certain amount of time, which

is expressed as

Vout � 1
Cf

∫Tint

0
Iindt (6)

where Cf is the feedback capacitance and Tint is the integration

time. It can be observed from Eq. 6 that although the linearity

between the output voltage and the input current is less

obvious, the area can be minimized by adjusting the feedback

capacitance, and the thermal noise caused by the feedback

resistor can be avoided. However, the disadvantage of the

TIA with capacitive feedback is that the accumulated charge

across the capacitor may lead to saturation of the output

voltage of the amplifier. To solve this problem, two circuits

shown in Figure 6 are used, both of which periodically

discharge the accumulated charges on the feedback

element by adding a reset switch (Figure 6A) or an active

feedback network (Figure 6B). This type of method by

forcing discharge and resetting the capacitor is called the

discrete-time (DT) approach. Another type of method is

called the continuous-time (CT) approach, which is to

eliminate the baseline current by adding a DC elimination

circuit to prevent output saturation. Its topology adopts an

integrator–differentiator architecture (Ying & Hall, 2021),

and the detailed CT approach will be described in the next

section followed by this section illustrating the DT approach.

A typical discrete-time reset model is shown in Figure 6A. By

adding a reset switch on both sides of the feedback capacitor, a

short periodic reset can discharge the charges accumulated on

both sides of the feedback capacitor Cf, which can prevent

output saturation and minimize the loss of transmission

information at low frequencies. In terms of improving the

output sensitivity, a smaller Cf can be used, usually at

15–50 fF. Though the charge injection and clock feed-through

of the reset switch could not be completely avoided, the leakage

current compensation of the reset switch has been optimized and

improved by adding the reverse bias detection diode (Hong, Li,

Yang, & Sengupta, 2017).

FIGURE 5
TIA with three different feedback elements (Djekic et al., 2017).
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In addition, in the DT reset approach, the front-end circuit is

easily affected by KCT noise and folded-back high-frequency

noise. Therefore, the correlated double sampling (CDS)

technique is adopted, thus improving the readout sensitivity

(Bennati et al., 2009; Crescentini, Bennati, Carminati, &

Tartagni, 2014) (Figure 7). The principle of CDS is to sample

the input signal twice. The first sampling is only with low-

frequency noise, and the second sampling is the superposition

of low-frequency noise and signal. It should be noted that

repeated sampling will lead to an increase of overall white

noise. To achieve a better noise reduction effect, one good

method is to add an anti-aliasing low-frequency filter in the

whole system. We summarize and compare the works using DT

methods in Table 2.

3.2 Continuous-time approach-based
sensing front ends

To solve the problem of output saturation in the DT method,

in addition to adding a reset switch to periodically reset the

capacitor, a second-stage differentiator can also be used to

recover the linear relationship between input current and

output voltage. This topology uses an integrator-

–differentiator structure as shown in Figure 8, and it is called

CT approach in this paper.

This structure mainly consists of an integrator, a

differentiator, and an active feedback module. The integrator

stage with high gain can produce very low noise density, while the

differentiator can ensure a stable and flat frequency response.

The sensing current Iin is integrated by the feedback

capacitor Ci on the integrator and converts to the voltage

VB,OUT at the output of the integrator, and then the signal

information is recovered through the feedback resistor Rf and

the capacitor Cin of the differentiator as shown in Figure 8. The

derivation of the input–output relation of the

integrator–differentiator can be expressed as follows:

VB,out � 1
Ci

∫
Tint

0
Iindt. (7)

Vout � IinRf
Cd

Ci
(8)

FIGURE 6
(A) TIA with a reset switch and (B) TIA with an active feedback network (Awan et al., 2021).

FIGURE 7
General architecture of front-ends using the discrete-time method with CDS (Awan et al., 2021).

Frontiers in Electronics frontiersin.org06

Liu et al. 10.3389/felec.2022.1071132

https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2022.1071132


Ci is the integrator capacitance and Cd is the differentiator

capacitance. Tint is the integration time of the first stage. It can be

observed from Eq. 6 that there is good linearity between the

output voltage and the input current, and the gain is no longer

determined by the large-resistance resistor alone.

Considering the noise performance, the integrator

contributes the main input reference noise, and the noise of

the differentiator is mostly attenuated by the first stage and thus

can be ignored. Therefore, this structure has the advantages of

high sensitivity and low noise in a high bandwidth range. In this

integrator–differentiator structure, the equivalent input noise

power spectral density is

I2n,in �
4kT
Rdc

+ �V2
n,in−amp[(2πf )2(Ci + Cd)2] (9)

Because Rdc is the input impedance of the active feedback

network, it does not affect the overall gain. By increasing Rdc, the

input-referred noise can be relatively reduced. So, Rdc can be

realized by a pseudo-resistor, which not only has no influence on

the end-to-end signal-to-noise and distortion ratio (SNDR) of

the system but also improves the robustness of the TIA to shot

noise of large DC current. However, the specific noise analysis

needs to be conducted based on different active feedback loops.

Since the sensing current is often accompanied by a DC

signal and the baseline current, an active feedback network is

needed to be designed to counteract the DC influence in this

integrator–differentiator structure. The establishment of the

feedback path is mainly aimed to provide low impedance to

attract the DC component of the sensing current and prevent

charge accumulation on the plate of the integrating capacitor.

TABLE 2 Performances, comparison, and summary of previous works using the DT approach.

Y. C. Chen,
Lu, and
Liao
(2019)

Lee et al.
(2019)

Dawji, Habibi,
Ghafar-Zadeh,
and Magierowski
(2021)

Ranjan
and Prasad
(2017)

Rosenstein, Ray,
Drndic,
and Shepard
(2011)

Li et al.
(2015)

Bennati et al.
(2009)

Technology 180 nm CMOS 180 nm CMOS 130 nm CMOS 180 nm CMOS 130 nm CMOS 0.5 μm AMI 180 nm CMOS

Supply voltage 1.2 V 1 V and 1.8 V 1.2 V 1.8 V 1.5 V 3.3 V 1.8 V

Power
consumption

16 uW 4.9 μW/
channel

340 μW/channel 43 μW 5 mW/channel 200 μW 9.5 mW

Current range ±5 μA 75 pA-860 nA 150 pA None None 10 pA None

Dynamic range 108 dB 81 dB None None None None None

Gain None 61–73 dB 196 dB 80 dB 160 dB 38 dB 180 dB

Sampling
frequency

None 2.5 MHz 16 KHz None None None None

Bandwidth None 10 KHz 14 KHz 1.79 MHz 1 MHz 100 KHz 2 MHz

Feedback
element

Pseudo-
resistor

Capacitor Capacitor Ohmic resistor Capacitor Capacitor Pseudo- resistor

Noise 41 pA

RMS 2.7 μV RMS
@10 KHz

1 pA RMS 25 fA/√Hz 12 fA/√Hz 4.06 pA/√Hz@100 kHz 5 fA/√Hz

FIGURE 8
Integrator–differentiator structure without continuous-time feedback network (Singh et al., 2019).
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Several breakthroughs in reducing noise and improving stability

of active feedback networks are summarized in the current

research literature. As shown in Figure 9A, the feedback path

uses resistorRdc to absorb Idc and a low-pass moduleH(s) to filter

out the high-frequency noise. This results in a new loop gain,

Gloop � −H(s) A
1 + s(1 + A)CiRdc

(10)

where A is the loop gain of the operational amplifier. This gain

can effectively amplify the signal at low frequencies, but it is

strongly attenuated at high frequencies. About concerning |

H(0)| >> 1, the DC value at node B in Figure 9A is almost

zero regardless of the desired signal, thus ensuring the maximum

AC dynamic range of the signal and the high linearity of the

integrator under any bias conditions (Ferrari, Gozzini, Molari, &

Sampietro, 2009). At | Gloop (fm) = 1|, fm defines the minimum

frequency amplified by the integrator–differentiator, which is

given by the following expression,

f m � 1
2πRdcCiγ

A
1 + A

(11)

where, γ is the attenuation ofH(s) and its value can be selected by

adjusting fm. Based on this structure, to reduce the current noise

of the resistor Rdc to several fA, a linear transconductor is used

instead of Rdc, and the current reducer is realized by setting the

width–length ratio of the matching MOS connected between the

source and drain to help improve the linearity (Ferrari et al.,

2009).

Another feedback network can be implemented by a 12-bit

DAC, two LPFs, a 12-bit ADC, and a control logic, as shown in

Figure 9B, which composes a hybrid semi-digital (HSD)

transimpedance amplifier to transmit these tiny current

signals (Hsu, Jiang, Venkatesh, & Hall, 2015). The LPF mainly

filters out the high-frequency components in the output of the

integrator and feeds the output signal back to the input of HSD-

TIA. Therefore, Rdc can discharge the baseline current through a

feedback loop. Unlike other analog feedback loops, this feedback

loop is designed in the semi-digital domain, and the bandwidth of

the feedback loop is mainly determined by -3 dB bandwidth of

the LPFs. Digital domain information generated by the ADC and

DAC can improve the stability of the loop without attenuating

the desired signal. In addition, by adding a noise cancellation

module, the integrated input referred noise can be as low as

6.9 pA RMS at 10 KHz.

In the traditional design, the feedback path often uses

multiple amplifiers and capacitors, which leads to the

introduction of multiple poles and increases circuit

complexity. Then, a circuit using a differential pair with

FIGURE 9
(A) Continuous-time approach with R and H(s) as the feedback network (Ferrari et al., 2009), (B) continuous-time approach with an adaptive
feedback network (Hsu et al., 2015), (C) continuous-time approachwith a differential circuit and low-pass filter (Taherzadeh-Sani et al., 2017), and (D)
continuous-time approach with a fixed-threshold window comparator (Dai et al., 2016).
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diode-connected loads, a low-pass filter (LPF), and an output

transistor is adopted as an active feedback path, which can

reduce circuit complexity and improve robustness and circuit

stability (Taherzadeh-Sani, Hussain Hussaini, Rezaee-

Dehsorkh, Nabki, & Sawan, 2017). The schematic diagram is

shown in Figure 9C. It is worth mentioning that the feedback

loop senses the output of the first stage (Vo + and Vo-) in a

differential way and ensures that their DC biases are identical.

This method does not need a common-mode reference voltage.

Moreover, the load of the first stage adopts diode connection

andMc adopts PMOS as a source follower to sink a DC current

with a negative input voltage Vcm of the integrator, so the loop

itself has no additional gain. Therefore, the loop gain and the

number of poles of the low-frequency feedback loop are

reduced to improve the stability of the circuit.

Similarly, in another circuit with a CT approach, a fixed-

threshold window comparator is used as the active feedback loop

to output one voltage and two frequency outputs (Dai, Perera,

Yang, & Rosenstein, 2016), as shown in Figure 9D. Switches φ1

and φ2 are used to control the clocks. The self-timed switched

capacitor network composed of φ1 and φ2 can alternately match

the capacitance between the integrator and the differentiator. At

any moment, one pair of capacitors is activated, and the other

pair of capacitors is reset. This approach can keep charge-balance

locally and thus significantly shorten the setup time of the

amplifier. Compared with other feedback loops, this self-

resetting structure does not need an external clock, so the

system bandwidth is not limited by the pre-determined

sampling rate. In addition, the operation of alternating

capacitors by two switches ensures that the system is reset in

a charge-conserving manner, which minimizes the reset transient

and recovery time.

We summarize and compare the performances of the

research works using the CT approach by different feedback

loops in Table 3. The design comparison of the non-feedback

loop is also provided in the table (Singh, Pathania, Sharma,

Madan, & Sharma, 2019).

3.3 Current-to-frequency converter-
based sensing front ends

In the DT approach- and CT approach-based sensing front

ends, most of the structures depend on the relationship between

the input current and output voltage. The third type of sensing

front end attempts to use the current-to-frequency converter,

which converts the current into a time-domain pulse signal with

a certain proportional relationship. This structure does not need

complex feedback loops to realize DC quantization. Therefore, it

is suitable for low power consumption and volume limited

equipment, such as implantable medical equipment (Ying &

Hall, 2021).

A current-to-frequency (I–F) converter-based sensing front

end is shown in Figure 10. After the biological signal is detected

by three electrodes at the sensing front end, a potentiostat is used

to mirror the sensing current before the I–F converter. In order to

minimize the kickback effect between the potentiostat and the

I–F converter, the current can be mirrored again between the two

circuit modules and appropriately amplified by adjusting the

width-to-length ratio of M3 and M4. The realization of I–F

converters can be composed of a current-starved ring oscillator

whose frequency is proportional to the current or a pulse position

modulator. Its operation principle is as follows. First, the

mirrored sensing current IF2 charges CINT through M5 until

TABLE 3 Performance, summary, and comparison of previous works using the CT approach.

Ferrari et al.
(2009)

Häberle et al.
(2018)

H. P. Chen,
Zhang, and
Wang
(2020)

Hsu et al.
(2015)

Taherzadeh-Sani et al.
(2017)

Dai et al.
(2016)

Singh et al.
(2019)

Technology 350 nm CMOS 180 nm CMOS 65 nm CMOS Discrete IC 130 nm CMOS 180 nm
CMOS

180 nm CMOS

Supply voltage ±1.5 V 1.8 V 1.8 V 5 V 3.3 V 1.8 V 1.8 V

Gain 60 MΩ 10 MΩ 20 MΩ–35000 MΩ 100 MΩ 330 MΩ 155 dB 8 MΩ
Noise 4 fA/

���
Hz

√
@100 KHz

180 fA/
���
Hz

√
11.82 pA RMS 5 fA/

���
Hz

√
4.7 pA RMS @100 KHz 11.6 fA/

���
Hz

√
0.16 μV/√Hz and
0.12 μV/√Hz

Power
consumption

45 mW 18.5 mW 30 mW 100 mW 30 mW 5.22 mW 57.3 μW

Bandwidth 4 MHz 2.7 MHz 4.17 MHz 56 KHz 1 MHz 1.4 MHz 100 KHz

Current range ±25 nA 100 pA-1 μA 100 pA 10 pA–55 pA 10 pA–300 pA 1.25 pA-
11.6 μA

None

Method A A A B C D None

Sampling
frequency

None None None None 20 MHz 6.25 MHz None
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the voltage Vint reaches the upper limit voltage of comparator

comp1 (3/4 VDD is taken as an example in Figure 10), at which

time, the SR latch is triggered to flip. Then, the reference current

Iref will start to discharge CINT until Vint drops to the lower limit

comparison voltage of comparator Comp2 (1/4 VDD is taken as

an example in Figure 10). Within one sampling period T,M5 and

M6 work alternatively and flip–flop turn twice. Then, the

integrated output of the mirror current on CINT is sawtooth

wave, and the output of flip–flop is pulse wave with low duty

ratio. By reading the relationship between duty cycle D and

period T at the output of SR latch, its formula is derived as

follows:

T � VDDCint

2IF2
(12)

D � VDDCint

2IREF
(13)

Therefore, the mirrored sensing current can be obtained by

the ratio of duty ratio D to period T without knowing the values

of other factors accurately. In nanopore-based DNA sequencing,

in order to explore the differences between the four bases, the

ratio of D/T should be less than 1 to facilitate the distinction. In

the I–F converter, double comparators comp1 and comp2 are

used to form a windowed comparator, and the upper and lower

threshold voltages (Vint) are confined to 3/4 and 1/4 of the

reference voltage VDD, respectively, so as to prevent the output

saturation of Cint and facilitate sufficient headroom for the

transistors. However, it should be noted that the absolute

value of Iref is easily affected by PVT, so it is necessary to add

a calibration module to the mirrored sensing current (IF2).

However, this will increase the power and circuit complexity.

In addition, the gain mismatch between the two comparators is

also a problem that needs to be adjusted and calibrated. Also, the

bandwidth of the comparators should also be large enough to

minimize the propagation delay of the narrowest pulse width

Tmin (e.g., ~5× larger for 99% accuracy) (Ying & Hall, 2021).

Specifically,

gm
2πCL

> 1
5T min

(14)

In addition to some non-ideal factors from current sources or

reference voltages, the propagation delay and offset caused by

comparator mismatch will affect the accuracy of D/T and thus

cause DC error. However, in the charge and discharge phase, the

offset of the comparator is relative, so it has little influence on the

linearity of the whole system. The performance summary and

comparison of the related works using I–F converters are

presented in Table 4.

This section explains the choices of current-mode sensing

front-end circuit, including the principle and the process of three

structures to amplify the weak currents of DNA base. The

advantages and disadvantages of the three structures are

shown in Table 5 for the reference of designers. It is worth

mentioning that designers can further improve or combine these

three structures to converge their advantages (Crescentini,

Bennati, & Tartagni, 2014).

4 Biosensing front-end arrays for
DNA sequencing

The aforementioned three types of sensing front ends mainly

focus on detecting the sensing current from a single nanopore,

but in DNA sequencing, achieving high throughput and high

accuracy is the most important purpose. Expanding a single-

channel sensing front-end into an integrated biosensor array

suitable for large-scale parallel detection can significantly

improve the sequencing efficiency and its utility. Although the

FIGURE 10
Circuit configuration of a current-to-frequency converter (Ahmadi & Jullien, 2009).
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cost and time of DNA sequencing still need to be broken through,

it is undeniable that expanding the measurement flux of DNA

and increasing the density of the array are the directions the

whole world is striving for. In addition, the DNA sequencing

system can also extend its functions completely, such as film-

forming detection and subsequent data analysis and

TABLE 4 Performance, summary, and comparison of the I–F convertor-based sensing front ends.

Hsu and Hall (2018) Ahmadi
and Jullien (2005)

Y. Liu, Leene,
and Constandinou (2019)

Ahmadi
and Jullien (2009)

Technology 180 nm CMOS 180 nm CMOS 180 nm CMOS 180 nm CMOS

Supply voltage 1.8 V 1.8 V 1.8 V 1.8 V

Power consumption 295 μW 170 μW 4.2 mW 70 μW

Current range 100 fA-10 μA 1 nA-200 nA ±2.5 μA 1 nA-1 μA

Dynamic range 160 dB 46 dB 52 dB 60 dB

Sampling frequency 100 KHz 100 KHz 9.15 MHz None

Bandwidth None None 10 KHz None

Noise 79 fA RMS 38 μV/√Hz 17 fA/√Hz None

TABLE 5 Comparison of advantages and disadvantages of three current mode front-end structures.

Front-end
structures

Advantages Disadvantages Options for solutions

DT 1. With good linearity. 2. Easy to control and
adjust for feedback element

1. Large thermal noise and chip area (for
R-TIA). 2. Easy to saturate for output voltage
(for C-TIA). 3. Sensitive to PVT and other
factors (for pseudo-resistance)

1. Increasing the impedance of the feedback element.
2. Adding reset switch and active feedback network. 3.
Improving the stability and robustness of the pseudo-
resistor

CT 1. Balancing the charge on the feedback
capacitor and preventing the output voltage
from saturation. 2. Enhancing the stability of
the circuit and enlarging the gain

1. Increasing in circuit complexity, power
consumption and area. 2. Introducing branches
makes noise components more complicated

1. Adding noise elimination module

I to F convertor 1. Adjustable upper and lower limits of
output voltage to control output pulse width.
2. Saving equipment volume and power
consumption. 3. Reducing circuit complexity

1. Propagation delay and offset caused by
mismatch of double comparators. 2. Easily
affected by PVT for the mirror current

1. Compensation for offset voltage of the comparator.
2. Adding a calibration module to current mirror
circuit

FIGURE 11
Part schematic diagram of a 90 × 90 sensor array interface (Manickam et al., 2012).
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processing with the upper computer, which will realize the whole

process automatically from transducer preparation to DNA

sequencing.

A 90 × 90 fully-electronic biosensor array for nanopore-

based DNA sequencing is implemented in a 180-nm standard

CMOS process as shown in Figure 11 (Manickam et al., 2012).

Pixels of this array adopt 16 μm x 16 μm random bead-array

format for DNA loading in which micro-beads deliver DNA

strands onto the individual pixels using a flow-through system.

The front-end circuit adopts a switched capacitor amplifier

circuit and CDS to reduce 1/f noise and deviation. The

detection dynamic range of this sensor is 90 dB while

consuming 4 mW from a 3.3-V supply when operating at

8.1 s per frame.

In Thei et al. (2010), this design not only integrates a 4 ×

3 current-mode sensor array but also adds a microfluidic

system to detect the formation of an artificial bilayer lipid

film and a readout circuit for data transmission and

processing on personal computer (PC) terminals. As shown

in Figure 12, the whole system consists of two parts. The first

part is a multi-layer interface, which is directly packaged with

a current mode ΣΔ converter by a microporous array

machined into polyoxymethylene homopolymer (POMH)

devices and placed on a printed circuit board (PCB). The

second part is a digital signal processing module, which is used

to transmit and process data on a PC. The ∑Δ converter

adopts the DT approach and has good performance in fast

noise shaping. This can output 1 bit digital signal, thus

reducing the number of output lines and simultaneously

acquiring data from multiple BLMs. The efficiency of DNA

sequencing has been greatly improved.

To improve the performances in area and power

consumption, the amplifier sharing scheme is used (Li,

Parsnejad, & Mason, 2015) as shown in Figure 13A. In this

article, the front-end array adopts the CT approach in AMI

0.5 μm technology as a selection of amplification for sensing

current. In this proposed concept of sharing amplifiers, the pixel-

level amplifiers are structures that the non-inverting segments

share the same part, while the inverting segments constitute other

TIAs. Compared with traditional TIAs, the realization of this

structure has a significant improvement in area saving and power

consumption. The recording channels of the whole system are

divided into N clusters, where each cluster contains four pixel

amplifiers, so the area of 400 recording channels is only

0.06 mm2. The system architecture diagram is shown in

Figure 13B.

The preparation process and design of nanopore sensor array

with higher integration are further introduced (Dong et al.,

2020). The platform equipped with a 16 × 8 biosensor array

for nanopore detection is also able to perform bilayer lipid

membrane capacitance detection and nanopore insertion pulse

generation as shown in Figure 14. The front-end array is

implemented using the 180-nm CMOS process and mainly

composed of a nanopore cell array, decoder modules, readout

channels, membrane capacitance detection module, and

reference voltage generation module. Each cell consisting of

two switches is integrated right under each 10 μm x 10 μm

chamber and connected as a 17 × 8 array. Among the whole

array, 16 × 8 cells are used for DNA sequencing, while the last

row is used for realizing the auto-zero operation of the readout

circuit. The whole platform achieves 37.366 µW-per-cell power

consumption while occupying 1.633 mm2.

FIGURE 12
System architecture connected to a 4 × 3 sensor matrix of spots (Thei et al., 2010).

Frontiers in Electronics frontiersin.org12

Liu et al. 10.3389/felec.2022.1071132

https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2022.1071132


In Kumashi et al. (2021), a CMOS sensor array with 256 pixel

channels is fabricated based on the 130-nm BiCMOS process,

which is used for electrochemical reaction and impedance

detection of the biological surface as shown in Figure 15. This

sensor array has 16 parallel readout channels, so it can measure

high-throughput data quickly and process different samples. The

chip contains 2 × 256 working electrodes with a size of 44 μm ×

52 μm, 16 reference electrodes with a size of 56 μm× 399 μm and

32 counter electrodes with a size of 399 μm × 106 μm, which

together promote the high-resolution screening of test samples.

The electrochemical sensing mode of the chip is verified by

testing the electrochemical analytes on the biological surface,

which shows that the chip can quantitatively generate bioelectric

current and distinguish the concentrations of different analytes.

In addition, this chip is superior to the conventional discrete

setups for exoelectrogen characterization in spatial resolution

and detection speed, which is a meaningful step for the

combination of chip and bioengineering.

The fourth-generation DNA sequencing method has an

order of magnitude improvement in speed and cost because it

FIGURE 13
(A) Conceptual diagram of sharing OTA as a single pixel unit and (B) system architecture shows that the recording channels are divided into N
clusters (Li et al., 2015).

FIGURE 14
System block diagram and cell array architecture (Dong et al., 2020).

Frontiers in Electronics frontiersin.org13

Liu et al. 10.3389/felec.2022.1071132

https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2022.1071132


does not need fluorescent labeling. In addition to meeting the

requirements of high-speed, high-throughput, and high-

precision sensor arrays, breakthroughs should be made in

many technical branches, such as nanopore preparation,

microfluidic chip, and ASIC, so as to accelerate the

commercialization of nanopore sequencing technology. There

are two main challenges for multi-channel DNA sequencing

arrays. First, the crosstalk and stray capacitance between

channels will reduce the signal-to-noise ratio, thus affecting

the accuracy of measurement. Therefore, the design of analog

front-end with high gain and low noise is the core and key of the

whole sequencing system. Second, because the detection array

needs high-throughput data processing, we should consider the

restriction of chip area and power consumption while expanding

the array scale and density and ensure the quantity of detection

data as well as the transmission speed. In addition, the influence

of other factors on the circuit should be considered when

designing the array. For example, the transportation kinetics

of a single biomacromolecule is usually faster than the detection

time and accompanied by a high DC offset, which poses a

significant challenge to the accuracy of detecting weak current

(Parsnejad, Li, & Mason, 2016). At present, efforts are being

made worldwide to improve the density and detection accuracy

of arrays, and many research studies focus on noise reduction

FIGURE 15
Chip architecture of the sensor array with electrochemical and impedance detection module (Kumashi et al., 2021).

TABLE 6 Performance, summary, and comparison of achieving biosensing front-end arrays.

Manickam et al.
(2012)

Thei et al.
(2010)

Li et al.
(2015)

Dong et al.
(2020)

Kumashi et al.
(2021)

Technology 180 nm CMOS 350 nm CMOS 500 nm AMI 180 nm CMOS 130 nm CMOS

Supply voltage 3.3 V 3.3 V 3.3 V 3.3V and 1.8V None

Array scale 90 × 90 4 × 3 100 × 4 16 × 8 16 × 16

Power consumption 4 mW 23 mW 200 μW 4.7 mW 2.25 mW

Current range 100 fA 200 pA- 5 nA 10 pA None 59.9 nA

Bandwidth None 4 KHz 100 KHz None 500 KHz

Gain None 182 dB 38 dB None 164 dB

Dynamic range 90 dB None None 250 MΩ-20 GΩ None

Sampling frequency 5 KHz 7.8 KHz None 10 KHz 1 MHz

Method DT DT CT DT DT

Noise 10 μV/√Hz 200 fA@1 KHz 4.06 pA RMS @100 KHz 22 pA RMS 234 pA RMS @1 KHz
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technology to improve the detection accuracy. We summarize

and compare the performances of the research works achieving

biosensing front-end array for DNA sequencing in Table 6.

5 Discussion

Three types of current-mode front-end circuits of DNA

sequencing based on nanopores are described in this article,

and it is worthwhile to emphasize and discuss the key indicators

for the design, which will help the circuit designer improve the

chip performance. At the end of this section, we also look forward

to the future application of DNA sequencing technology in

wearable devices.

Different from the platforms of other amplifier circuits,

the biological signals and information on the membrane are

carried by an extremely weak sensing current, and the

electrodes need to physically contact the two sides of the

sensor. Thus, the noise of the whole system has the most

serious influence on signal transmission. In addition to the

noise caused by the power supply and the capacitances of the

contact point, the important noise sources in nanopore-

based measurement also include the low-frequency

fluctuation of pore conductance and thermally induced

fluctuations and high-frequency noise associated with

amplifiers and parasitic capacitances. Since most bio-

sensing currents are in the order of pA and in several kHz

bandwidth, to have good performance in the signal-to-noise

ratio (SNR), the input-referred RMS noise should be as low

as several hundreds of fA (Crescentini, Bennati, Carminati,

et al., 2014). For example, Axon-Axopatch 200B (www.

moleculardevices.com), as a patch clamp instrument in

bio-electrochemical research applications, has an ultra-low

open-circuit noise of 0.13 pA r.m.s at 10 KHz. However, this

instrument is very bulky and expensive, and it is still the

direction to be overcome to reduce noise for small

biomedical integrated circuit chips.

On the other hand, the rapid translocation of DNA through

the double-layer artificial lipid membrane and the thickness of

the solid-state nanopore result in four bases blocking the

nanopore at the same time, which is a challenge to the

accuracy and reliability of the whole measurement system

(Bao et al., 2021). Many research institutes and companies are

constantly improving in different aspects, such as improving time

resolution and using biochemical materials to slow down ssDNA.

In recent years, many researchers have focused on the design

of the readout circuit of the biosensor system, striving for

innovation and breakthroughs in the amplifying circuit and

readout circuit. However, to promote the systematization and

platform of DNA sequencing, the signal acquisition and

subsequent data processing modules of the equipment under

test should also be paid attention to, such as the preparation of

nanopores, the speedmatching of the ADC, and the processing of

large amounts of data.

As an emerging technology, the fourth-generation DNA

sequencing technology has a significant prospect in the

development and potential in the wearable medical devices.

DNA base sequencing is an important component and core

content of gene detection technology, which is of great

significance to the screening and prognosis for gene-related

diseases. However, some gene diseases require long-term

monitoring and intervention of genes in the body, which

makes the combination of gene detection technology and

wearable devices become the mainstream trend. For

example, in the early screening of cancer, the gene

mutation and lysis of diseased tissue cells will occur

repeatedly, which requires long-term follow-up detection of

cancer cells in patients (Zviran et al., 2020). Thus, the

combination of gene detection technology and wearable

devices can solve the difficulty of efficient extraction and

real-time monitoring of biological macromolecules, which

is of great significance to the warning and early screening

of related diseases of high-risk groups. At present, some

laboratory organizations and companies are committed to

the research and development of special nanomaterials and

metal microneedle patches, aiming to research the wearable

and portable devices for gene detection chips, so as to achieve

long-term disease gene monitoring in the human body (Kim

et al., 2018; Yang, Kong, & Fang, 2022). Although the fourth-

generation DNA sequencing system based on nanopores has

only been in existence for more than ten years since this

concept was put forward in 2012, it is undeniable that the

fourth-generation DNA sequencing system will develop into a

platform-based commercial system, which would be used in

wearable biomedical systems. In the long run, the

combination of gene sequencing technology and wearable

devices can not only bring hope to the diagnosis of gene

diseases but also promote the combination and development

of biomedical engineering and microelectronic technology.

6 Conclusion

This paper summarizes several latest design schemes and

circuit structures of current-mode front-end ICs for DNA

sequencing. The key design directions of fourth-generation

DNA sequencing technology and the directions to be broken

through in the future are introduced. Because this technology

has the frontier and development potential, we have also

summarized and compared the related literatures, which

will help circuit designers provide ideas and design

directions in the future development of biomedical

equipment. (Ca2+-Probe-Based Fluorescence Recording and

Electrical Recording).
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