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This paper proposes a low-noise readout circuit with a noise floor of 11 fA . /sq(Hz) and a bandwidth of 1.3 MHz.
The novel electrostatic discharge (ESD) leakage current cancellation stage allows the circuit to detect sub-pA
range current input. A total trans-impedance gain of 160 dB is obtained by a current preamplification stage with
a 100 x current gain followed by a transimpedance amplifier (TIA) with a 1 Mohm feedback resistive gain. The
reader is designed in a 0.18 ym CMOS process and consumes 5.6 mW from a 1.8 V supply.

1. Introduction

There is a growing trend to sense very low levels of current in
many diagnostic applications such as biosensing [1-3]. Current levels in
nanoamperes (nA) or even picoamperes (pA) are harder to detect using
CMOS circuitry due to electronic circuit noise. Several sense amplifier
circuits have been developed for low current sensing. For example, inte-
grator or transimpedance amplifier (TIA) are employed to convert the
current signal into a voltage signal, followed by quantization of the con-
verted voltage signal. However, with the current in the pA range, if the
integration method is adopted, it would take a long time to accumu-
late the small current into a measurable voltage signal [4]. If a TIA is
employed, the feedback resistance must be large enough (i.e.gigaohms
range) to obtain high gain, and there is a trade-off between achiev-
ing high dynamic range and achieving low input-referred current noise.
Moreover, such a large feedback resistor must be externally connected.
Otherwise relying on the high value active pseudo resistor used in the
feedback loop [5-9], it is very hard to set or control, since its resistance
is inversely proportional to the input current, it will lead to a variable
current gain and bandwidth [10].

In most applications such as in nanopore sequencing, the small cur-
rent signals need to be amplified at high speed with bandwidths in
excess of 1 MHz. Current conveyor is commonly employed for current
amplification; however, the conventional current conveyor is not suit-
able for the small current amplification since the bias current of the
conveyor leads to large input referred current noise [11,12]. No-bias
current conveyor was previously reported for low-noise current sens-
ing [13]. However the noise levels achieved may still be prohibitive
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for low current sensing. A wide input dynamic range current readout
was presented featuring a matched double-MOS architecture around
an amplifier to obtain current amplification [14]. However, capacitors
with the same current ratio are needed to increase the bandwidth. In
this paper, a current preamplifier with a flat gain is proposed to obtain
bidirectional current amplification. Electrostatic discharge (ESD) diodes
offer protection by providing current path for unwanted electrostatic
discharge events. However, they are rather large in area and can carry
significant leakage currents under normal operating conditions. As the
input current signal scales down to the pA range, the leakage current
(up to 10 nA) from the ESD diodes may dominate the input current.
Even worse, the leakage current is not constant that can increase with
the temperature. None of the circuits discussed in literature address the
leakage current issue from the input ESD diode. In fact most designs
avoid the use of ESD altogether for input nodes considerably compro-
mising yield. In this article, we propose an approach to compensate the
leakage current from the input ESD diode using a dummy ESD diode
with active biasing. The architecture is implemented in 0.18 ym CMOS
process to achieve a total gain of 160 dB in trans-impedance and noise
level of around 11 fA,,,;/sq(Hz).

2. Low-noise current readout architecture
2.1. Current amplification
The current preamplifier consists of a PMOS and an NMOS transis-

tors Mp; and My; that are connected in the feedback loop of the ampli-
fier as in Fig. 1. The drain nodes of Mp; and My, are connected to Gnd
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Fig. 1. Current preamplifier.

and Vdd, respectively. The source nodes of Mp; and My; are connected
as the input node V;,, which has a common mode potential of V,,,. The
amplifier regulates its output voltage V, according to the input current
I, through the negative feedback loop to bias the transistors Mp; and
My, . The output voltage V,, of the amplifier also couples the gates of
the transistors Mp, and My,. The source nodes of Mp, and My, are
shorted at node V, as the output of the current amplifier. For read-
ing the output current I, the node V, connects to a following stage,
which is a TIA or an integrator. It keeps V,, at the same voltage poten-
tial as node V;,. Therefore transistor My(p); and Myp), have the same
Vs and Vg, which ensures that transistor Mypy, will carry the same
current as My p)y;. This architecture is known as an “inverted current
mirror”. When the input current flows into the node V;,, the feedback
amplifier adjusts the output voltage V, such that the Vg, of Myp); is
negative, allowing the input current to flow into transistor Mp;. Tran-
sistor My1, M2, Mp;, and Mp, share the same V. Thus My; and My,
are off, and Mp, “effectively copies” the input current, which can be
amplified by sizing aspect ration of Mp, with respect to Mp,. Similarly,
if the input current flows out of the node V;,, Mp; and Mp, are off,
and My, “effectively copies” the input current and amplifies by sizing
aspect ration of My, with respect to My;. This allows for bidirectional
current amplification.

Note that at the input node V;,, the input impedance is 1/Ag,, . or
1/Agn,, - The high DC gain of the amplifier reduces the input impedance
at node Vj,. At the output node V,, the output impedance is 1/g, , or
1/8np,- For the small current signal, g, ., and g, are very small such
that the output impedance at node V, is still large. The inverted cur-
rent source My, or Mp, is still a good current source with high output
impedance. The node V, couples to a virtual ground with a very low
impedance provided by the following TIA or integrator. Therefore, the
current from the My, and M, can easily be acquired and measured by
the subsequent stage.

Transistors operate in the subthreshold region and are therefore sen-
sitive to the drain source Vy;, differences given that Vy; is less 3V, [15].
The large Vy; bias of My, (2 and Mp; ;) makes them insensitive to the
V4 variation, which has a better matching than the current conveyor
with low Vj bias. In addition, the bi-directional current amplification
is built with only 4 transistors. Compared with the current amplifier
architecture using 20 transistors [13], this architecture has much lower
input-referred current noise contribution.

2.2. ESD leakage current cancellation

It is essential in all silicon realizations to include ESD protection.
Typical ESD circuits consists of large diodes. However, such ESD diodes
contribute their own leakage current, which can sometimes dwarf the
small levels of input current signal. This is among the most significant
remaining challenge in low current readout circuits for practical appli-
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Fig. 2. Source of leakage current in ESD diodes.

cations. To understand our proposed compensation scheme, we eluci-
date briefly the functioning of these ESD diodes. The diode has a well-
defined relationship between bias voltage and the diode current as in
Fig. 2(a). The ESD input diode composes of two diodes connected in
series between the power rails. For this application, the input node is at
half Vdd, and they are both reverse biased. In Fig. 2(b), Iy, is the reverse
current from N-diode DN, Ip; is the reverse current from P-diode DP;.
The difference between current Iy; and Ip; is the uncompensated diode
leakage current Ij; that sneaks in or out of the readout circuit, as shown
in Equation (1). The P-diode and N-diode have different leakage current
behaviors with the process, voltage, and temperature (PVT) variations,
leading to a variable leakage current. It fundamentally limits the sensi-
tivity of the current sense amplifier circuitry.

In =Ipy1 —Ipp (€8]

This paper proposes a novel leakage current compensation approach
as in Fig. 3. It includes the addition of dummy ESD diodes (P-diode
D5 and N-diode D,) to cancel the leakage current from the original
ESD diodes (P-diode D; and N-diode D,). The leakage currents I;; is
from the original ESD diodes DN; and DP;. The sum current [, + I
flows into transistor Mp,, and transistor Mp, mirrors the current with a
1:1 ratio. My, and My, are off. Respectively, the dummy P-diode DP,
and N-diode DN, generate the leakage current I, and Ip,, respectively,
leading to a net leakage current of I}, as in (2). Current I;;, + Ij; flows
out of node V, to transistor Mp,, while current I;, + I, and I, flow
into node V. I, is the current flows from My3, which is mirrored to
My, with a ratio of 100. Transistor Mp; and Mp, are off. Based on
Kirchhoff’s Current Law (KCL), the current I, is shown in (3).

Iy = Ipnz —Ipp2 (2)

Iy = I + Iy —Ip = Iy + Upn1 — Ipn2) + Uppr — Ippa) 3

Note that the leakage current from P-diodes Ipp; and Ipp,, and the
leakage current from N-diodes Ipy; and Ipy, can track with each other
under different PVT variation. Equation (3) brings a second-order leak-
age current cancellation, which would have a smaller net leakage cur-
rent than that from Equation (1).

To verify the leakage current cancellation, Fig. 4 compares the leak-
age currents of the current readout circuit without and with the ESD
leakage current compensation circuit in Fig. 3. From Monte Carlo simu-
lation, the net leakage current from the reader with leakage compensa-
tion circuit is much less than that without leakage compensation circuit
as in Table 1.
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Fig. 4. Monte Carlo Simulation of leakage current of the uncompensated and compensated circuit.
Table 1 2.3. Operational amplifier (OP-amp) design

Monte Carlo Simulation results (100 times).

The op-amp used in the feedback loop composes of a pre-

Temperature w/0 compensation: W compensation: o . . . e .
average value average value amplification stage and a two-stage miller compensation amplifier in
(standard deviation) (standard deviation) Fig. 5.

10°C 26 fA (2 fA) 0.1 fA (2.7 fA)

40°C 960 fA (46 fA) 1.1 fA (58 fA) . .

70°C 23 pA (1 pA) 5£A (1.4 pA) 2.4. Loop stability analysis

The small current in the source follower of My; or Mp, results in a
low-frequency pole P; at node V;, and the source follower of My, or
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Fig. 5. Low-noise amplifier.
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Fig. 7. 3 dB bandwidth is 1.3 MHz.

Mp, also brings a low-frequency zero Z; to compensate the pole P;. If
Z, and P, are within the unity-gain bandwidth, the loop could still be
stable. The frequency response of the current mirror loop with the op-
amp is shown in Fig. 6. The unity-gain bandwidth is 1.6 MHz, and the

phase margin is 88°.

2.5. Gain of the TIA

A 1 M ohm Poly resistor serving as the feedback resistor is used.
Since the preamplification current gain is 100, then the total impedance
gain is 160 dB. Fig. 7 shows the 3 dB bandwidth impedance gain is

1.3 MHz.
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Fig. 8. Input referred current noise density.
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2.6. Noise contribution analysis
The input referred current noise at the input is given by:
2, =l + 27fCp)*(e,)? )
2 16kT 8kT 2K )

e = +
T 3gmyy, (gmMPS)zR WLC,f
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Fig. 12. Recovered 20 pA 500Hz current signal.

The equivalent input current noise is shown in Equation (4). qI;, is
the shot noise from Mp(y); operating in the subthreshold region. The
voltage noise eﬁ from the op-amp of the ESD leakage current compen-
sation stage over the input capacitance C;, sets the minimal noise of
the circuit when the input current [;, is small. In Equation (5), the pre-
amplification stage has the dominant noise contribution. k is Boltzmann
constant, and K is a process related constant which influences the flicker
noise. The input-referred current noise density was simulated as shown
in Fig. 8, and its integrated noise density is shown in Fig. 9. The inte-
grated noises are 140 fA at 1 KHz and 2 pA at 100 KHz, respectively.
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Fig. 13. Recovered 5 nA 500Hz current signal.
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Fig. 14. The layout of the current reader in 0.18 ym CMOS process.

3. Quantization

A square wave of input current signal 70 fA 0.005 Hz, 1 pA 2 Hz,
20 pA 500 Hz, and 5 nA 500 Hz square wave inputs are injected at the
input node, in a simulated test bench. Figs. 10-13 present the recovered
current signals for 70 fA 0.005 Hz, 1 pA 2 Hz, 20 pA 500 Hz, and 5 nA
500 Hz square wave inputs, with the quantized bandwidth of 1 Hz,
100 Hz, 100 kHz, and 500 kHz, respectively. Fig. 14 shows the layout
of the current reader.

Table 2 lists the literature summarizes the proposed readout circuit

Table 2
Table of comparison with relevant architecture.
[4] [5] [16] [17] [18] This work?®

Technology (ym) 0.18 0.35 0.09/0.5 0.35 0.18 0.18
Power supply (V) 1.8 3 2.5/1 3.3 3.3 1.8
Noise floor (fA,,,,/sq(Hz)) 11.6 4 0.235 6 5 11
Signal bandwidth (MHz) 1.4 4 0.005 0.05 0.0039 1.3
Dynamic range (dB) 155.1 95.9 68.5 74.5 74 100
Area (mm?) 0.091 0.34 0.065 0.14 0.5 0.126
Power consumption (mW) 9.4 13.5 0.4 76 23 5.6

a Simulation Results at 27 °C.
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performance and compares it with other recent state-of-the-art demon-
strations.

4. Conclusion

This paper presents a low-noise current readout circuit for biomedi-
cal current sensing applications. The readout circuit consists of an ESD
leakage current cancellation circuit, a bidirectional current amplifica-
tion stage, and a TIA stage. The leakage current cancellation approach
allows the sensor to have high sensitivity even in the presence of leak-
age current from the ESD diodes making this circuit quite practical in
real application. The use of multiple stages enables very high tran-
simpedance gain, and very low input-referred noise. This design also
operates at high speeds (MHz), making this an attractive design for
readout from most biosensors and nanopore sequencing platforms.
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