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Abstract: The use of capacitive sensors has advantages in different industrial applications due to
their low cost and low-temperature dependence. In this sense, the current-mode approach by means
of second-generation current conveyors (CClIs) allows for improvements in key features, such as
sensitivity and resolution. In this paper, a novel architecture of CCII for differential capacitive sensor
interfaces is presented. The proposed topology shows a closed-loop configuration for both the voltage
and the current buffer, thus leading to better interface impedances at terminals X and Z. Moreover, a
low power consumption of 600 uW was obtained due to class-AB biasing of both buffers, and the
inherent drawbacks in terms of linearity under the mismatch of class-AB buffering are overcome
by its closed-loop configuration. The advantages of the novel architecture are demonstrated by
circuit analysis and simulations; in particular, very good robustness under process, supply voltage
and temperature variations and mismatches were obtained due to the closed-loop approach. The
CCII was also used to design a capacitive sensor interface in integrated CMOS technology, where it
was possible to achieve a sensitivity of 2.34 nA/fF, with a full-scale sensor variation of 8 pF and a
minimum detectable capacitance difference of 40 fF.

Keywords: CCII; class-AB; sensor applications; low-power circuits

1. Introduction

Nowadays, capacitive sensors can be considered a leading technology since they show
inherent benefits for different kinds of measurements [1,2]. They are extremely versatile
and can be realized in different ways, allowing their use in many applications [3-7]. In fact,
capacitance variation can be obtained either by changing the capacitor geometry acting on
the surface of the plates, or by shifting them, changing the overlapping area, or modifying
the plates” distance. Another solution may rely on the modification of the permittivity of
the considered dielectric material, and this, for instance, also allows chemical changes in
material compositions or physical parameters to be sensed [8].

Further advantages are the integration capability, the low-temperature dependance
and the low cost, which make these kinds of sensors suitable for different industrial appli-
cations and uses. They can be employed, for instance, as accelerometers [9,10], pressure
or moisture sensors [11,12], movement sensors [13] and concentration sensors [14]. Fur-
thermore, no particular constraints can be found on sensor dimensions since, in principle,
custom geometries and structures can be used for each application. However, miniatur-
ization is a straightforward alternative, especially in many modern systems, in the form
of integrated on-chip solutions. Moreover, capacitance variation, and so the dynamics of
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the sensor, can be easily defined and managed for the considered applications without
particular criticism.

Among capacitive sensors, it is important to consider the differential ones, which are
of particular interest since they show improved performance when used for the detection
of low capacitance variations or in critical systems with interferences, providing even more
robust sensing [15-18].

It is evident that, in this context, a critical role is played by the sensor interface, which
should be easily integrated with the capacitive sensor and should be able to exploit sensor
performance [19-28]. Different solutions have been provided in the literature, especially in
recent years. Two main categories can be defined among capacitive sensor interfaces: the
first one is represented by standard interfaces, without any compensation, which simply
transduce the sensing parameter [19-21,25,26,28], while the second one collects interfaces
that are able to compensate for parasitics by reducing the measurement error [22-24,27].
Moreover, an additional classification can be defined by considering the design approach,
and, in particular, we can take into account both current-mode (CM) [23,25,27,28] and
voltage-mode (VM) solutions [19-22,24,26,29].

One of the main drawbacks when considering a VM approach is that, especially in
highly integrated low-pitch technologies, it is difficult to achieve good sensitivity, resolution
and signal-to-noise ratios due to the narrow supply voltage rail, hence the intrinsically
reduced voltage swing per variation that is to be measured. However, the current-mode
approach could easily overcome this limitation; therefore, it represents an increasingly
attractive methodology. One of the most famous CM active building blocks (ABBs) is the
second-generation current conveyor (CCII), which inherits and expands the functionalities
of its predecessor, the first-generation current conveyor (CCI) [30-39].

In this paper, we propose a completely novel architecture that implements a CCII
especially designed for sensor interfacing applications. Favorably, the ABB uses a dou-
ble IC-level feedback path, both for the voltage and the current subsections of the CCII,
which allows for an improvement in the performance of the current buffer section and its
robustness to process, supply voltage and temperature (PVT) variations and mismatches.
In particular, the closed-loop configuration desensitizes circuit behavior from variations in
component parameters, allowing stable performance under the variations, and mitigates
the inherent drawbacks in terms of the linearity of the class-AB current buffer, allowing
both low power and good linearity even under device mismatches. The proposed CCII was
tested in a differential capacitive sensor exploiting the CM approach, and a sensitivity of
2.34 nA/fF with a full-scale sensor variation of 8 pF was achieved.

This manuscript is structured as follows: Section 2 introduces the proposed topology
and shows its high-level working principle. Section 3 shows the IC-level in-depth analysis of
the circuit, offering specific considerations for the differential capacitive sensor application.
Section 4 presents the main simulation results and a comparison with the literature. In
Section 5, conclusions are drawn.

2. The Proposed Topology

The CCII is a three-port network, as shown in Figure 1, and in the ideal case, it is
characterized by the equations Vx = a Vy, with @« =1, and Iz = B Ix, with f = 1; i.e,, it
is ideally composed of a voltage buffer between terminals Y and X and a current buffer
between terminals X and Z. Closed-loop architectures are usually employed for the former,
resulting in an accurate voltage gain «, wide bandwidth and low distortion, whereas a
current mirror is typically employed for the current buffer since it naturally provides a
wide bandwidth [30]. This, however, results in gain error on the current gain j3, especially
in low-voltage designs with deep submicron devices that present a low-output resistance,
and in some nonlinearity in the current buffering action.
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Figure 1. CCII* schematic symbol and matrix representation of an ideal CCIL

To deal with this problem, we implemented the proposed CCII topology, which ex-
ploits closed-loop architectures for both the voltage buffer and the current buffer, improving
gain precision even under PVT variations. Moreover, the linearizing effect of the feedback
allows class-AB topologies to also be used for the current buffer, resulting in a fully class-AB
CCII topology, which can be useful in low-power applications.

The proposed CCII topology is shown in Figure 2 for the case of a non-inverting CCII
(CCII*). The inverting topology (CCII™) only requires the way in which Rgy is connected to
the left differential difference amplifier (DDA) inputs to be inverted. We provide a detailed
analysis of this topology in Section 3, while in this section, we provide insights into its
operation.

Figure 2. The proposed CCII at block scheme level for a non-inverting topology.

The voltage transfer function from node Y to node X must have an ideal unitary voltage
gain, and this is ensured by voltage feedback, which also provides a high impedance at
node Y and a low impedance at node X, thus amplifying the input error voltage Vy — Vx
of the operational amplifier (Ay), which drives a class-AB output stage with low-output
impedance. Hence, the system inherently has high-input impedance and low-output
impedance, while voltage feedback additionally improves both impedances. Furthermore,
the output class-AB stage allows high power efficiency by providing large output currents at
node X with a limited quiescent current. Linearity in the voltage transfer function is finally
improved by feedback. The open-loop gain of the stage mostly depends on the operational
amplifier Ay. The input common-mode signal swing of the operational amplifier and the
output signal swing of the output stage set the maximum and minimum voltages at nodes
X and Y, respectively, as Vx = Vy when the system operates correctly. Hence, large voltage
swing operation is possible if the output stage and operational amplifiers are suitably
designed, whereas the output current is limited by the (class-AB) output stage so that
low-impedance high-current loads at node X can also be efficiently driven.
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The operation of the voltage transfer function is straightforward, as its topology,
composed of an operational amplifier and a class-AB output stage, is conventional. The
only difference is the presence of the resistor Rgx, which has some impact on the open-loop
frequency response of the stage (as shown in Section 3). This resistor is necessary to sense
the current flowing at node X and, thus, to obtain Rgx = Rgsz, the unity-gain current
transfer function between nodes X and Z. The current transfer function is achieved by a
novel class-AB architecture, which ensures high linearity and improved input and output
impedances due to feedback. This is unlike conventional class-AB CClls, where a P-type
current source, in parallel with an N-type current source, mirrors the push and pull currents
at node X toward the output node Z, with an output impedance dependent on the topology
of the current mirror (which is usually cascoded, if not gain-boosted, to maximize the
output impedance).

The conventional approach (shown in Figure 3) to class-AB current buffering has a
significant disadvantage in terms of linearity under mismatch variations. In fact, let us
assume that the P-type current mirror has current gain A? ~ 1 and that the N-type current
mirror has current gain AN ~ 1. When both gains are unitary, no problem occurs; when
a current enters node X, the P-type current mirror provides less current, and the N-type
provides more current. In ideal class-AB operation, the positive (inflowing) current at node
X would be mirrored to node Z by the N-type mirror, and the negative (outflowing) current
would be mirrored by the P-type mirror. Both the N-type and P-type mirrors would amplify
the input current by AY = AN = 1 in the ideal case. However, especially under mismatch
variations, both AY and AN will not be unitary, and, above all, they will change differently,
because mismatches among P devices will be mostly uncorrelated to mismatches among N
devices. Hence, linearity will be greatly reduced under mismatches, because the positive
output current will be amplified by a factor other than the negative output current. In
an ideal class-AB current mirror, where the positive and negative parts of the signal are
separately amplified by the N-type and P-type current mirrors, we have the following:

- AP AN AP—aAl
I, :IIZ’—i-IN:AIIJI)I;-FA?]I;I}]:A?M‘I—A?]UX 2\le) _ 1‘*2‘ LIx + 2550 | Ix|. Of
P_ 4N
course, the term % |Ix| is heavily nonlinear and will be significant if large mismatches
occur.

p-Mirror

b
S .

AV Class-AB X Z

g v
I

n-Mirror

Figure 3. A block scheme showing the conventional approach for class-AB current buffering in CCII.

Because of this problem, in this work, we propose the closed-loop class-AB current
mirror shown in Figure 2. The input current Ix is sensed by the resistor Rsx, so the left
input of the DDA is fed by the input differential voltage RsxIx. However, the output
current I is sensed by the resistor Rgz, so the right input of the DDA sees the differential
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input voltage RszIz. The feedback loop provided by the DDA and the class-AB output
stage copies the current at node X to node Z by enforcing RszI7 ~ RgxIx. It also provides
high output impedance at node Z, as the current at node Z is set by the current at node
X, and, thus, node Z must have large impedance, as the current is insensitive to voltage
variations. In order to prove this point, we consider Figure 4, where ideal current generators
and current mirrors are assumed, so the equilibrium can only be reached when the currents
of the output node are matched. Calling Ip;, i = 1, 2, 3, 4, the drain currents of the four
NMOS devices of the differential pairs, counted from left to right, we have

RgxI RgxI
Ipy = I + SM=SXX g — [ — SMTSXX @
2 2
RgzI RgzI
Ing = Ig+8MS2Z  ppy = [ — SMTSZZ 2
2 2
Vdd

N
M5 | ﬂ .|_| Meé

—[. M1 M2 ] —[,. M3 M4 |
On Or

==
_ Rsx + _ Rsz +
YAYAY YAYAYA
—_— —_—
Ix 1z

Figure 4. Simplified schematic of the DDA for current gain evaluation.

The equilibrium at the output node is given by

8mRsxIx +gmRszlz _ 205 — gmRsxIx + gmRszlz (

Ip1 + Ips = Ipy + Ipgy — 2Ip + > >

3)
Hence, in this ideal case,

gmRsxIx +8mRszIz =0 —= Iz = _%IX = —Ix. 4)

under the hypothesis of Rgx = Rsz = Rsense-
The class-AB output stage ensures that a large output current can be provided at node
Z. However, when the input current at node X is large, the input differential voltages at the
two inputs of the DDA become large, as they are RgxIx ~ RgzIz, so it may happen that
the DDA saturates with large input differential voltages. In order to avoid deep saturation,
the maximum voltage across Rsx = Rgz must not be much larger than the linear range of
the inputs of the DDA. Thus, the value of the sensing resistors must be set by taking into
account the maximum currents at terminals X and Z. However, a linear voltage-to-current
transfer function in the DDA is not required for linearity to the extent that the DDA ensures
that Rgz I is close to Rgx Ix; however, when close to saturation, the two differential pairs
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of the DDA will show a limited gain, thus reducing the effectiveness of the feedback loop
in ensuring good linearity.

The values of the sensing resistors Rsx and Rgz have to be chosen by carefully weighing
the trade-off among the maximum current, terminal impedances and noise, as shown by
the simulations in Section 4.

3. Circuit Analysis
3.1. Analysis of the Proposed CCII

The proposed architecture of the current conveyor shown in Figure 2 has to be de-
signed, at transistor level, by considering the ideal properties of a current conveyor; the
negative feedback from both the Z and X outputs allows voltage gain « and current gain 8
to be obtained close to 1. If the same class-AB stage, showing voltage gain Ayy,r and output
resistance 1/gy, is used to design both the voltage buffer A; and the transconductance stage
G in Figure 2, the following expressions for « and f are found:

oo AvAveu 5)
14 Ay-Avpf’
R.
ApDA-Avpuf Thasie
P g _ (6)

1+ ADDA‘AVbuf'lf'gjﬁ
As can be seen from Equation (6), a sufficiently high value for Reps. has to be chosen
in order not to degrade the gain of the current feedback loop too much.
At the same time, the feedback allows us to lower the impedance at the X node (Rx)
and to enhance the one at the Z node (Rz), as required, so that a very high R /Ry ratio can
be obtained:

Rsense + 1/gm
Ry = —=#¢ _ —foM ;
T4 Av-Avig @)
Rz = (Rsense +1/gm)-( 1+ Appa-Ave - 8mRsense 8)
uf l + ngSenSE !
RZ = ngsense
Ry (1 i AVW) (1 + Appa-Aviufs 1+ngsense>' ©)

The presence of the Rgense resistor allows the open-loop impedance at node Z to be
enhanced, but, unfortunately, it also increases the open-loop impedance at node X; if a
given closed-loop Ry is specified, the gain of the voltage feedback loop and the value
of Rsense have to be jointly designed in order obtain the required Ry value according to
Equation (7). Then, the gain of both feedback loops (in terms of Ay, Appa, Avpyrand 1/gm)
must be designed to be sufficiently high and, at the same time, to permit the desired Rz /Rx
ratio (>1000 in most practical cases). It has to be noted that the value of Reeyse also affects
the noise and linear range of the CCII, as shown in the simulation Section, thus making the
choice of the most appropriate value even more critical.

3.2. Application as Differential Capacitive Sensor Interface

The proposed CCII can be applied in a differential capacitive sensor, whose architecture
is shown in Figure 5. Two CClIs, one inverting and the other non-inverting, were employed
to sense the differential current passing through two capacitors, namely, Cy and C;, whose
difference has to be measured. An input current generator provides a square wave with
period T and amplitude Irgr, which is fed to the two capacitors (C, in Figure 6 represents
parasitic capacitance at the input node). The input node voltage increases and decreases
linearly with slope [;;,/(Cop + C1 + Cy); thus, there is a trade-off between the input current
amplitude, the square wave period—related to the speed of the variation in the capacitance
difference—and the average value of the capacitances Cy and C; due to there being a limit
on the maximum value that the input voltage can assume. The CClIs buffer the currents
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through the capacitors, and their output currents are summed on resistor R3, providing the
output voltage V. The output voltage during the positive cycle of the square wave is thus
dependent on the capacitance difference C; — Cp, provided that the circuit operates in the
linear region. As an alternative, current-mode processing can be adopted, with the output
current read by some current input block (e.g., a current amplifier or a transimpedance
amplifier); in this case, I3 and R3 in Figure 5 model the input of such a block. Techniques to
compensate for the stray capacitance C; are discussed in [27] and are outside the scope of
this paper.

CCII" Z

®
| Vo Vout
Iin

Cc2

R3

CCII' Z

[l
| X

Figure 5. Block scheme and simulation setup for capacitive sensor interface.

* | ’
CDUT Ly

(I) —— Cstray Cparl == Rx

Figure 6. Input terminal model for a current-mode sensor interface based on the proposed CCII
architecture.

The use of the proposed CCII scheme as a current-mode interface for capacitive sensors
therefore also requires a more accurate analysis of parasitic capacitance at input node X. It
can be seen that a parasitic capacitance Cysrq at node X is found, given by the sum of the
parasitic capacitance at the Ay- input and the parasitic capacitance at the negative Appa
input. Moreover, a parasitic capacitance Cpsr2 (<Cpar1) is found at the positive App input.
The expression for the overall input impedance at node X, Zy, is the following:

1
Zx = = Ry, 10
o o[ (10)
where coR
74 = Ry- 1+s-”‘”2“”“>:1< +s-Lx & Ry, 11
X X( 1+ngsense X X X (1)
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and
CparZRsenseRX

Lx 1+ ngsense ' (12)

The parasitic capacitance Cpr creates a zero in the Z x’ expression, and an equivalent
inductance can be considered to account for its frequency behavior; particular care has
to be paid during the design of the CCII, so the zero of Zx’ is placed outside the range
of the input frequencies used as a stimulus for the sensor interface. Under the previous
hypothesis, the approximate expression in Equations (10) and (11) can be adopted.

In the general case, the model in Figure 6 has to be considered for the input terminal of
the current-mode sensor interface. The stray capacitance Cgyyy, of the sensor (equivalent to
half C, in Figure 5) has to be estimated in order to calibrate the measurement and improve
accuracy. The following partition function aggns is found between the current stimulus [
and the current Ipyr entering the sensor:

Cpur 1+ 5:Cpar1Rx(1+s-Lx/Rx)

Cpur + Cstray 1 4 5. (Cpm + %)Rx(l + s.LX/RX).

XSENS = (13)

A second condition, concerning the time constant 71 = Lx /Ry, has to be fulfilled in
order to set the input bandwidth of the interface. Moreover, the time constant 75, given by

(14)

CpurC
T = RX'<Cpar1 + DUT™Stray >

Cpur + Cstray

has to be suitably chosen in order to avoid limits in the input bandwidth of the sensor
interface.

4. Simulation Results of a Sensor Design Case Study

Both inverting and non-inverting CClIs based on the proposed approach were de-
signed and simulated using the Cadence software suite, in a 130 nm CMOS technology from
STMicroelectronics, in order to develop a current-based sensor interface for differential
capacitance [25] based on the architecture described in Section 3.2 [28]. The two feedback
loops were designed with an overall voltage gain of about 40 dB for the cascade of the block
Ay (or DDA) and buffer. In Figure 7, the transistor implementation of the CCII* stage is
shown. The current mirrors were designed to bias the Ay stage with a 29.9 pA tail current
(M3), the DDA stage with a 14.9 pA tail current (M30, M31) and the class-AB stages with
68.8 pA (M7, M21) and 39.7 pA (M13, M26) tail currents. The overall power consumption
from a 1.2 V supply voltage is about 600 uW. The transistor sizes are reported in Table 1.

Table 1. CCII* transistor dimensions.

Transistor Dimensions (W, L)

M1, M2
M3, M4
M5, M6, M19, M20
M7, M9, M21, M23
M8, M22
M10, M24
M11, M25
M12, M13, M26, M27
M14, M28
M15, M16, M17, M18
M29, M30, M31

43.2 um, 3.1 um
86.4 um, 3.1 um
14.4 pym, 3.1 um
576 um, 1.6 um
36 um, 0.2 pm
144 um, 0.2 pm
144 um, 0.3 um
576 um, 3.1 pm
576 um, 0.3 um
21.1 pm, 3.1 um
42.2 um, 3.1 pm
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Figure 7. Transistor-level implementation of the proposed class-AB CCII*.

To evaluate the effect of the sensing resistor on CCII performance, simulations for
two different values of Rsense are reported. When Rgense is set to 5 k(), the DC transfer
functions shown in Figure 8 are achieved. The input range at terminal Y is about 250 mV,
and the current range is about +30 pA, limited by the input voltage range of the DDA.
The corresponding small-signal performance is reported in Figure 9, and it shows small
gain errors with bandwidths of 12 MHz and 12.8 MHz for the voltage and current buffers,
respectively. In particular, the value of Rseuse allows a loop gain of 47.5 dB to be achieved,
resulting in a closed-loop current gain of about —0.2 dB. Figure 10 reports the impedances
at the terminals of the CClII, highlighting a ratio of impedances at Z and X terminals larger
than 1000 and up to 100 kHz.

-08 06 -04 02 0 02 04 06 08 -100 -50 0 50 100

Vy (V) Ix (nA)
(a) (b)
Figure 8. DC performances of the « (a) and the 3 parameters (b) for Reense = 5 kQ).

The modeling inductor Ly defined in Section 3.2 is equal to 99.7 pH. Capacitive
behavior can be seen at high frequencies for Zy; from the graph in Figure 10, the value Cx
= 0.9 pF is evaluated. Finally, analysis of the Z; graph allows the definition of a modeling
capacitance Cz = 3.5 pF.

In Figure 11, the input equivalent noise current at terminal X and the noise voltage at
terminal Y are reported: an input equivalent noise voltage Vy = 11.5 nV//Hz at terminal
Y and an input equivalent noise current Iyx = 5.3 pA/+/Hz at terminal X can be observed
at 1 MHz.
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Gain (dB)

10° 10 10° 10° 107 108
Frequency (Hz)

Figure 9. Simulated voltage (green curve) and current (gold curve) gain of the CCII for Rsepse = 5 k.

102§ [ | [

1o F
3 10°F ]
N E 3
N
N F 3
N 10°F E
3 E ® i
S

104 ,

; Zx @ 10 kHz: 52 Q T~
1022
100E [ | | ]
10° 10? 10* 10° 108

Frequency (Hz)

Figure 10. Impedance at terminal X (red curve), Y (green curve) and Z (gold curve) for Reense = 5 kQ2.

100 T T T T 250
80 200
i~ N
on
% 60 g 150
S g
; 40 > 100
Z 1 MHz, 5.3 pANHz 5 1 MHz, 11.5 nV/NHz
20 X 50 >
0 | @ 0 ] e
107 10° 10* 10° 10° 107 10 10° 10* 10° 10° 107
Frequency (Hz) Frequency (Hz)
@) (b)

Figure 11. Equivalent noise current at X (a) and noise voltage at Y (b) for Rsense = 5 k2.
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Linearity was evaluated by testing both the voltage buffer and the current buffer with a
100 kHz sinusoidal input, and Figure 12 reports the total harmonic distortion (THD) versus
the input amplitude. The relatively large value of Repse leads to significant distortions of
the current buffer for currents in the range of tenths of pA, with —40 dB THD achieved at
30 pA. From this point of view, this choice of sensing resistor seems appropriate when a

relatively large load resistance at the X terminal is used.

-10 -25 1
* x
207 # 1 30+ ]
35/ ¥
-30} * } *
= ~-40+ *
& -40; - a0 *
A -50 =45 ¥
% - X Q _50 X
B -60+ T *
* & 55+ *
70+ > X
) #* 60 .
b3
-80 [y 651 ¥
k3
90— : : : B
0 100 200 300 400 500 5 10 15 20 25 30 35 40

Vi (mV) L (HA)

(@) (b)

Figure 12. Total harmonic distortion vs. input amplitude for the voltage (a) and current buffers (b)
for Reense = 5 kQ).

The simulations were repeated in the case Rgense = 500 (), and the main performance
parameters for both of the designs are reported in Table 2. Scaling the sense resistors
obviously directly impacts the terminal impedances; in particular, a lower sense resistor
results in a lower Ry, which is an advantage in many applications, but also a lower Rz. The
ratio of terminal resistances remains approximately constant. The loop gain of the feedback
in the current buffer reduces to 31.5 dB, allowing a closed-loop gain 3 of about —0.27 dB.
Table 2. Comparison of CCII* simulation performance to published results.

This Work
I 31 32 33 34 35 36 37 38
tem Reome = 5 kO Roone = 05 02 [31] [32] [33] [34] [35] [36] [37] [38]
CM(?jnt)eCh' 0.13 0.35 0.18 0.18 0.18 0.18 0.18 0.13 0.35
P OWe(r\;‘)upply 12 +£0.75 +0.75 +1 £05 1.0 £0.75 15 +£0.75
Power diss. 0.605 0.118 027 - 120 0.4 023 15 0.00015
(mW)
Y I“P(‘g)ra“ge £0.250 - +£0.75 +£04 +0.24 £1.0 +0.75 15 -
X Inf(’ﬁx)a“ge +30 +£225 - +125 £350 +24 £1000 +£220 +£20 -
DC-« (dB) ~0.088 ~0.088 0 0.009 —0464  —0.087 0 0 ~0.005 ~0.04
f.3qp of & (MHz) 12 186 105 1200 3340 36 257 3000 94 42
DC- (dB) ~0.181 ~0271 0 0 0 ~0.141 0 0 ~0.130 ~0.82
f.348 of B (MHz) 128 17.6 105 1200 4370 30.2 30 2960 99 44
Rx (Q) 51 7.8 13 24 169 137 - 8.26 200 52
Rz (kQ) 256 25.8 2600 - 6.81 225 - 46.5 560 700
Cy (pF) 0.305 0.305 05 0.004 0164  3x10°6 - 0.012 10 0.5
—524
—46.4 —46.4
[zZTHD@B) G5 mv100kHz @225 mV 100 kKHz ; - @300 mv - - - -
—47.7 —35
—46.1 —46.1
Vx THD (dB) @25 pA 1kHz @200 pA 1kHz - @1322}*{‘? - - @111(:]5\ -

A lower series resistance results in a wider linear range for the current buffer, as shown
by the DC transfer curve in Figure 13a, but also in a higher equivalent noise current at
terminal X (about 48.4 pA/+/Hz at 1 MHz). The plot of THD versus peak input current for a
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-1000  -600

100 kHz sinusoidal input is reported in Figure 13b. The voltage buffer results were practically
unaffected by the value of Rese, apart from the value of the resistance at node X.

-60t *
* 3
-65 *

| L ]
[ 1 1 . 1 -70 g.wm* | | | |
-200 0 200 600 1000 50 100 150 200 250

Ix (LA) Lo (MA)
(a) (b)
Figure 13. DC performance (a) and THD vs. input amplitude (b) of the current buffer for Rsese = 500 Q).

Analysis of the CCII* performance under process, voltage supply and temperature
(PVT) variations was carried out, together with a Monte Carlo analysis involving process
variations and mismatches at 27 °C and nominal voltage supply. Tables 3 and 4 report the
results for the case of Rgpse = 5 kQ) (similar results were obtained at 500 Q). Table 3 shows
a very low variation in the current gain under PVT variations: this good result is due to
the use of a closed-loop approach for the current buffer, where feedback is employed to
desensitize the performance from variations in the open-loop gain. Analogously, the Monte
Carlo results reported in Table 4 show a very good stability of the gain and distortion.
This is in contrast with the results typically achieved in class-AB CCllIs with an open-loop
current buffer, where distortion under mismatch is much worse than that obtained in
typical conditions [39]. Histograms for the current gain and the THD of the current buffer
for a peak input current of 25 pA are reported in Figure 14 to better highlight the advantage
of the proposed approach.

Table 3. Analysis of CCII* performance under PVT variations.

Item Temperature Supply FF FS SF SS
Temperature (°C) 0 70 27 27 27 27 27 27
Power supply (V) 1.2 1.2 1.14 1.26 1.2 1.2 1.2 1.2
Power diss. (mW) 585 639 572 640 631 605 607 583

DC-« (dB) —0.085 —0.093 —0.095 —0.082 —0.086 —0.103 —0.084 —0.090
f_34p of « (MHz) 12.7 111 11.9 12.1 12.5 12.1 11.9 11.5
DC-8 (dB) —0.177 —0.193 —0.191 —0.173 —0.180 —0.230 —0.171 —0.184
f_34p of B (MHz) 13.7 11.7 12.6 13 13.5 13.0 12.7 12.1
Rx (©)) 514 53.9 53.3 50.2 52.3 66.2 48.3 51.4
Rz (kQY) 268 233 237 270 259 219 272 250
I THD (dB) —46.2 —45.7 —42.1 —53.2 —50.2 —36.9 —37.5 —42.5
Vx THD (dB) —44.1 —47.5 —44.3 —46.9 —46.1 —38.1 —44.4 —45.2

The proposed CCII was also used to simulate the differential capacitive sensor in

Figure 5. Given the 3 dB bandwidth of the CCII, we chose a frequency of 2 MHz for
the input square wave current. The peak value of such a current has to be determined
according to the average value Cpy;t of the capacitances; for Cpyr = 4 pF, limited by stability
considerations, a peak current of 20 pA was chosen. The CCII was sized with sensing
resistors Rsense = 500 () as a trade-off between speed, terminal impedances and noise.
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Table 4. CCII* performance under a 1000-iteration Monte Carlo analysis.

Item Mean Std
Power diss. (mW) 0.606 0.0018
DC-« (dB) —0.087 0.0002
f_34p of « (MHz) 12 0.04
DC-$ (dB) —0.181 0.043
f_34p of B (MHz) 12.8 0.05
Rx (Q) 51.6 0.12
Rz (kO) 246 16.5
I THD (dB) —46.4 0.13
Vx THD (dB) —45.1 1.3
200 - 15
160¢ |
. 10+ —
120+
801
5 L
40t
0 . | | G e T
-0.35 -03 -0.25 -0.2 -0.15 -0.1 -0.05 -47 -46 -45 -44 -43 -42 -41 -40
(3 (dB) THD (dB)
(a) (b)

Figure 14. Histograms of the current gain § (a) and the THD of the current buffer for a peak input
current of 25 pA (b) for 1000 Monte Carlo mismatch iterations (Rsense = 5 kQ)).

Figure 15 reports the resulting characteristic of the sensor (output current in the
positive period of the square wave vs. capacitance difference), which shows very good
linearity for the whole range of variations in the capacitance (Cy, C; = Cpyr £ AC/2, with
Cpur =4 pF) and allows a sensitivity of about 2.34 nA/fF to be estimated. Transient noise
simulations allow us to estimate an output noise current of 94 nA rms, corresponding to a
minimum detectable AC of 40 fF.

Table 5 reports the main performance parameters of the sensor and compares them
with similar reports in the literature. To allow an easy comparison between different
implementations, the following figure of merit is defined:

% ACax
Pd AC,in

FOM = (15)
where the bandwidth BW is calculated as half of the clock frequency and the minimum AC
is obtained from noise and sensitivity values, if not explicitly declared in the papers. While
the best FOM is achieved by the sensor in [27], which uses very simple circuits for the
readout, the proposed sensor, which has not been optimized for noise, shows interesting
results regardless, allowing a large bandwidth and a large Cpy7 at the same time.
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Table 5. Comparison to published results of capacitive sensor interfaces.

Item This Work * [23] * [27] [28] [29] *
CMOS tech. (um) 0.13 0.35 0.065 0.8 0.18
Sensor type Differential Differential Differential Single ended Differential
Power supply (V) 1.2 +1.65 2.5 5 1.8
Power diss. (mW) 1.2 5.6 0.22 0.725 0.04
Bandwidth (kHz) 1000 50 500 290 50
Sensitivity 2.34nA/fF 6.1 mV/pF 5nA/fF 1.2nA/fF N.A.
Full-scale AC (pF) 8 20 1.8 1 0.01
Minimum AC (fF) 40 ** N.A. 0.8 N.A. 0.23 **
Conversion type C-I c-v C1 C-I c-v
ACuiax/ ACyin 200 N.A. 2250 N.A. 43.5
FOM (MHz/mW) 167 N.A. 5134 N.A. 54

* Simulated, ** estimated from noise data.

20 T T T T T T T

15

T
1

10 | .

Iout (uA)

AC (pF)
Figure 15. Characteristic of the differential capacitance sensor (Cpyr = 4 pF).

5. Conclusions

A novel architecture of a second-generation current conveyor, which also exploits a
closed-loop feedback approach for the current buffer, was presented, thus combining the
advantages of class-AB biasing with the linearizing and desensitizing effects of feedback.
In addition to good linearity, very robust performance was in fact achieved under PVT
variations and device mismatches due to the use of a unity-gain feedback loop for the X-Z
transfer. Inverting and non-inverting CClIs can be easily obtained by simply changing
the sign of the differential voltage, thus maximizing the symmetry in applications where
both conveyors are needed and have to be matched. Sensing resistors were employed to
implement the current feedback loop, and their values can be optimized according to the
required application by finding the desired trade-off between gain precision, bandwidth,
linearity and noise.

A CCII was designed in a 130 nm CMOS technology by STMicroelectronics, and it was
characterized for different values of the sensing resistors to highlight the trade-offs. PVT
and Monte Carlo simulations showed very good robustness of the performance for both
the voltage and current buffers. An inverting and a non-inverting CCII were employed to
design and simulate a differential capacitive sensor interface that allows a high operating



Electronics 2022, 11,903 15 of 16

frequency with large capacitive values and good linearity for a 100% variation in the
capacitance.
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