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Abstract: Charge-Based Capacitance Measurement (CBCM) technique is a simple but effective
technique for measuring capacitance values down to the attofarad level. However, when adopted for
fully on-chip implementation, this technique suffers output offset caused by mismatches and process
variations. This paper introduces a novel method that compensates the offset of a fully integrated
differential CBCM electronic front-end. After a detailed theoretical analysis of the differential CBCM
topology, we present and discuss a modified architecture that compensates mismatches and increases
robustness against mismatches and process variations. The proposed circuit has been simulated
using a standard 130-nm technology and shows a sensitivity of 1.3 mV/aF and a 20 reduction of
the standard deviation of the differential output voltage as compared to the traditional solution.
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In the field of the integrated sensors, the capacitive sensing represents one of the most
adopted transduction methods thanks to its relative simplicity of implementation, high
sensitivity, high resolution, low temperature sensitivity and low noise performances [1].
Capacitive sensors are adopted in many fields, such as biological [2-6] (for example to
detect the growth rate of a bacteria), gyroscopes [7,8], accelerometers, humidity sensors,
and quality air for the detection of airborne particulate matter [9-12].

Among the different solutions that can be adopted to convert a capacitance variation
into a voltage [1], a simple but effective solution is represented by Charge-Based Capaci-
tance Measurement (CBCM), which was originally introduced in [13,14] to measure the
cross-talk capacitance between metal interconnections in integrated circuits. The method
has been subsequently extended and improved [15] and, thanks to its simple topology,
published maps and institutional affil- 2150 adopted in other applications, like lab-on-chip cells monitoring [5,16-20] or particle
{ations. detectors [11,21].

CBCM offers several advantages like low silicon area, static power consumption

close to zero and a resolution that can be reduced by properly choosing the integration

capacitance [1]. In particular, low-area occupation enables the adoption of this topology
when several capacitive electrodes must be processed at the same time [16,17,21]. However,
the main limit of CBCM technique is represented by high sensitivity to mismatch and
process variations that can cause an output offset voltage higher than that associated with
the maximum capacitance variation to be detected. In the state of the art, some methods that
conditions of the Creative Commons  allow to overcome this drawback for differential CBCM have been reported. In particular,
Attribution (CC BY) license (https:// 1N [17,20], adjustable current mirrors are exploited, while in [19], a floating-gate trimming
creativecommons.org/licenses /by / circuit is adopted. These methods, however, require cumbersome off-line trimming by an
40/). additional calibration step, executed cyclically before each measurement, implemented
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through additional digital circuitry and human intervention. This calibration step can be
very long and tedious, especially for large arrays of capacitive electrodes, since it must be
executed for each sensing capacitance.

To overcome these limitations, in this paper we present a novel topology of differential
CBCM that allows to compensate offset automatically and continuously. The solution
exploits, for the first time in the literature, scramblers and dynamical element matching
(DEM) to allow working without human intervention.

2. Analysis of the Differential CBCM
2.1. Working Principle

The schematic of fully differential CBCM amenable for fully integrated implemen-
tation, which was first proposed in [18,19], is reported in Figure 1. A couple of pseudo-
inverters (M1, M3 and M2, M4) charge/discharge the sensing capacitor, Cs, and the ref-
erence capacitor, C,. The pseudo-inverters are driven by clock phases ¢ and ¢5, which
are set to avoid short-circuit currents from Vpp to ground, i.e., concurrent activation of
transistors M1-M3 and M2-M4.
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Figure 1. Schematic of the differential CBCM structure.

When clock phases @1 and ¢, are low, Cs and C, are charged through transistors
M3 and M4. Current mirrors M5-M7, M6-M8 and M9-M10 enable subtraction of the
instantaneous currents flowing in C;, yielding

Ve  dVe,
Ixy (t) = Ivz () — Ipo(t) = K<Csdtc -G dtc ) 1)

where K is the gain of current mirrors M5-M7 and M6-MS8.
The current Ix, is averaged by capacitor Cj,;1, yielding over one clock period, Ts

Vbp *_\ Vrp|

<Cs dVCs . CrdVCr>dt ~ KAC(VDD - |VTP|) (2)

Ts
— 17 K
Ixy = TS'O/ Iy (H)dt = T, T T, Ts
where Vr1p is the threshold voltage of transistors M5 and M6 and AC = C; — C,. The
rightmost approximation in Equation (2) holds considering that Cs and C, are charged to
nearly Vpp — | V7p | in one clock period.
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The common mode voltage at the output of the CBCM circuit in Figure 1 is set to
Vem by two auxiliary switches driven by the clock phase @3 whose period, T3, should be
sufficiently higher than T5. Using Equation (2), the output voltage is expressed by

KAC(Vpp — |Vrp|) T

V., = . 3
out-+ Ts Cintl ( )

From Equation (3), it is apparent that by increasing the switching frequency or the
supply voltage, the output voltage can be increased.

Due to circuit symmetry in Figure 1, we get Ix, = —Ix— and, consequently,
Vout+ = —Vour— (i-e., the differential output voltage is twice the value predicted by Equa-
tion (3)). When ¢, is high, the sensing and reference capacitors are discharged by M1
and M2. In this phase, PMOS of the pseudo-inverters are turned off, therefore the rest of
the circuit is decoupled from the core and, neglecting leakage currents, the integration
capacitors would maintain the charge gained during the previous clock cycle.

2.2. Simulation Results

The circuit in Figure 1 is designed and simulated using a standard 130-nm CMOS
technology provided by STMicroelectronics. The supply voltage, switching period and
common mode voltage is set equal to 3.3 V, 30 ns and 0.9 V, respectively. Although the
nominal supply voltage of the adopted technology is 1.8 V, the high thickness field oxide
devices are adopted for the circuit in order to increase the supply voltage to 3.3 V, which in
turn allows increasing the output voltage level, as predicted by Equation (3). The common-
mode voltage is fixed to 0.9 V, which is equal to half the supply voltage (equal to 1.8 V)
of the comparator connected at the output of the circuit, which is not reported in this
paper. The adopted main parameters for the circuit in Figure 1 are reported in Table 1. The
absolute value of the reference and sensing capacitor plays a fundamental role in the circuit
performance, but it cannot be freely set by the designer since it is related to the specific
application. In our case, the circuit in Figure 1 is designed for a particulate matter detector
where the value of Cs and C, depends on the physical dimension of the capacitive electrode
while the capacitance variation is in the order of tens of attofarads [21,22].

Table 1. Main parameters of the circuit in Figure 1.

Parameter Value
M1, M2 1 um/0.5 um
M3, M4 3 um/0.5 um
M5, M6, M7, M8, M11, M13 2 um/2 um
M9, M10, M12, M14 5 um/10 pm

K 2
Cint1,2 5 pF
Csr 1fF

Figure 2 shows the differential output voltage, Vour+ — Vour—, when a capacitance
difference AC equal to 10 aF is applied at 150 ps. The figure confirms the behavior predicted
by the analysis reported in Section 2.1.

Figure 3 compares the simulated transcharacteristic of the circuit in Figure 1 assum-
ing T3 equal to 300 us, with the theoretical values predicted through Equation (3). The
simulated sensitivity is equal to 22 mV /aF.

The error between the two curves in Figure 3 is lower than 10% for AC < 60 aF and
increases up to 20% for higher capacitance difference values due to the nonlinearity of
the simulated transcharacteristic. The nonlinear behavior of the circuit can be justified
considering that the actual mirror current gain, K, is not constant but, due to the channel
length modulation effect, is also a function of the output voltage Vo,:+ and Vo —. Note
that this effect regards all the current mirrors connected to the output nodes (i.e., M5-M?7,
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M6-M13, M9-M10). The variation of the current mirror gain is therefore more pronounced
for high values of AC, thus justifying the simulated behavior in Figure 3.
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Figure 2. Simulated differential output voltage of the traditional CBCM in Figure 1 with AC = 10 aF
at 150 ps.
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Figure 3. Transcharacteristic of the traditional CBCM in Figure 1.

Note, however, that the non-linearity of the transcharacteristic in Figure 3 does not
represent an issue in applications requiring the “activation” of a capacitive electrodes, like,
as an example, airborne particle counters [10-12,21,22]. Nonetheless, the linearity of the
circuit can be increased by adopting cascode current mirrors.

The critical issue of the CBCM system is the output offset caused by mismatch and

process variations. Random mismatch variations can be evaluated by using the mismatch
model in [23]:

gm

Uap = UAT" + Ip TAVy, 4)

Ip
where car and oay,, are inversely proportional to the active area, while the ratio of gm and
k
drain current is related to the transistor working region.
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Regarding the mirrors, due to the very low charging currents, they are expected
to work in the weak inversion saturated region. While the standard deviation of the
variation of threshold can be minimized increasing the transistor area, the ratio between
transconductance and drain current is the maximum, that is, a fundamental condition of
the transistor operating in weak inversion. This condition leads to the conclusion that a
residual mismatch is still caused by the subthreshold operating point even if the area is
very high.

To better understand the effect of mismatches, let us consider, as an example, a
mismatch between transistors M3 and M4 in Figure 1. In nominal condition (i.e., AC = 0),
this mismatch will cause a charge difference, Q, during each switching cycle. If the charge
flowing in M3 is bigger than that of M4, the integrating capacitor C;,;; accumulates more
charge than C;4,, thus generating a differential output voltage offset expressed by

AQ

Cint1,2

Viiffoffset = 2N &)
where N is the number of clock cycles. According to the value of AQ and N, mismatch can
cause an output voltage as high as the power supply. Of course, the same reasoning can be
extended to any other couple of matched transistors.

As a confirmation of the analysis reported above, Figure 4 reports the Monte Carlo
simulations over 100 runs of the differential output voltage of the traditional CBCM in
Figure 1 assuming AC = 0 aF. It is apparent that the circuit shows standard deviation of the
differential output voltage equal to about 1.35 V. Such a huge variation prevents the use of
this simple topology unless a proper compensation strategy is adopted [17,19,20].
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Figure 4. Monte Carlo simulation results for the circuit in Figure 1.

3. The Proposed Auto-Compensated CBCM Circuit
3.1. Working Principle

In order to decrease the standard deviation of the differential output voltage, an auto-
compensated topology is proposed as shown in Figure 5. First of all, three ancillary blocks,
called “scramblers”, have been added to the central core, to the reference and sensing
capacitors and to the 1:1 mirrors. The scramblers are driven by two non-overlapping
clock phases and periodically swap the drains of transistors, or the sensing and reference
capacitors. In this way, in one semi period, the connection is the direct one (looking at the
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central core M1-C;-M3), while in the second semi period, the connection is through M1-C,-
M3. Consequently, the mismatch current is averaged, thus reducing the equivalent offset.

n_scramb
SCRAMBLER
p_scramb.

mi12 'F" e Iﬁ_mu
+ L
p_scramb
MzlelL - [ | M14
L

Figure 5. Schematic of the proposed auto-compensated CBCM circuit.

Let us consider again, as an example, a mismatch between transistors M3 and M4
in nominal condition (i.e., AC = 0). By periodically swapping the drains of M3 and M4,
the charge mismatch will be averaged over time. Assuming that the clock period of the
scrambler, ty.ump, is lower than the clock period, Ts, of the main phases ¢ and @3, a
simplified diagram of the differential output voltage is shown in Figure 6. It is worth
noting that the principle of operation is like that of the chopping technique [24].

VDU t \

T, 2T, MT; (2M-1)T; 2MmT,

tscramb

Figure 6. Output voltage over one period of the clock of the scrambler.

If the ratio fymp/ Ts is an integer number, M, it is apparent that if M3 and M4 are
exchanged at the Mth main clock cycle, at the 2Mth clock cycle, the differential voltage is
averaged and the offset to due mismatch is eliminated. In general, the differential voltage
function is a growing and decreasing series of steps with an average value that increases as
M increases, as shown in the following equation:

M/2 M/2 M—2b)A M/2 M/2
R agl é?rﬁl,QZ TS - hzl ( Cinﬂ/)Z QTS agl zaAQ B hzl (M N 2b>AQ
Vour = — — = — = (6)
o Escramb Mcintl,Z
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Obviously, this reasoning can be applied to every pair of symmetrical transistors, thus
reducing the total average error. Note, however, that the offset between the nominal values
of Cs, Cr and Cjy41, Ciyyp2 must be compensated by an additional trimming circuit, like that
proposed in [25].

The schematic of the scrambler is represented in Figure 7a, where the aspect ratios
are 1 um/0.5 pm and 3 pm/0.5 pm for NMOS and PMOS transistors, respectively. The
scrambling circuit is basically a passive mixer driven by two 180° phase-shifted waves
generated by the circuit in Figure 7b. When phase n_scramb is high, the central pair of
transmission gates is open while the rightmost and leftmost part are a low impedance path,
thus the classic connection of the CBCM. When phase p_scramb is high, the condition is the
opposite, therefore the connections are swapped. The aspect ratios is 0.8 um/0.5 um for all
transistors in Figure 7b.

in2

Clk scrwm_ ﬁ
n_ scram\?\ scramb T

n scramb

scramb

‘ \L p_scramb

out2 ,/

(a) (b)

Figure 7. (a) Schematic of the scrambler circuit; (b) schematic of the scrambler phase generator.

To reduce the offset due to the mismatch of the 1:K current mirrors, an approach
similar to the dynamical element matching (DEM) technique is adopted [26]. Each diode-
connected transistor is periodically swapped with the other transistors of the current
mirror. The schematic of the switch connected to the drains of the transistors of the 1:K
current mirrors is shown in Figure 8, where the aspect ratios are 2.4 um/0.5 pm and
0.8 um/0.5 pm for NMOS and PMOS transistors, respectively. The 10-bit binary word
D < 0:K > is made up by a series of zeroes with only a “1” that moves cyclically from the
right to the left and is generated by a finite state machine (FSM). When the signal D1 is high,
the rightmost transmission gate is a low impedance path therefore, taking in account the
Mb5-M9 mirror, the M9,1 PMOS exchanges with the diode connected. In the third period,
the diode connected MOS is exchanged with the second PMOS M9,2, etc. In the first state,
when DO is high, the situation is the classical one. In this way, the mismatch of a mirror is
reduced, producing an average offset much smaller than the uncompensated version.

IR

D<O:k> |~ outl out2

Figure 8. Schematic of the switch connected to the drains of the transistors of the 1:K current mirrors.

The diode connected PMOS overhangs a combination of three scramblers, because the
diode connected PMOS in a first phase is exchanged with the PMOSs that overhang the
output node, then with the PMOSs that overhang the diode connected NMOS (therefor,
two different FSM that are set and reset by two signal in phase opposition). The parallel of



J. Low Power Electron. Appl. 2021, 11, 22 8of 11

the two scramblers under the principal one are unable/enabled by the reset signal of the
memory part of the FSM.

3.2. Simulation Results

The proposed circuit in Figure 5 has been simulated using the same parameters
reported in Figure 1. The switching period of the scramblers is set equal to 600 ns (i.e.,
M =20 in Equation (6)). The FSM clock period is set equal to 60 ns.

Figure 9 shows the differential output voltage, Vout+ — Vour—, when a capacitance
difference AC equal to 10 aF is applied at 50 ps. As compared to the traditional solution, the
output voltage variation is reduced. This is due to the effect of the transistors implementing
the switches of the scramblers and the DEM circuit that cause a reduction of the charging
current into the integrating capacitors. The magnitude of the ripple in Figure 9 is due to
the scramblers and, in particular, to the DEM applied to the current mirrors. This ripple
can either be reduced by degenerating the mirror devices or trimming it before doing DEM.
Alternatively, DEM ripple can also be suppressed by an additional low pass filter.

16

Differential output voltage [mV]

(%)

0 10 20 30 40 50 60 70 80 90 100
Time [us]

Figure 9. Simulated differential output voltage of the proposed circuit in Figure 5 with AC = 10 aF at
50 ps.

Figure 10 reports the transcharacteristic of the circuit in Figure 5 assuming T3 is equal
to 100 ps. The sensitivity is equal to 1.3 mV/aF, therefore it is 17 times lower than that of
the traditional solution.

Finally, Figure 11 reports the Monte Carlo simulations over 100 runs of the differential
output voltage of the proposed circuit assuming AC = 0 aF. It can be noted that now the
standard deviation has been reduced to about 65 mV, which is about 20 times lower than
that of the traditional solution.
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Figure 10. Transcharacteristic of the proposed CBCM in Figure 5.

25 MonteCarlo results

)
T

=

Number of occurrences [#]

-025 <02  -0.15  -0.1 -0.05 0 0.05 0.1 0.15 0.2
Differential output voltage [V]

Figure 11. Monte Carlo simulation results for the circuit in Figure 5.

4. Conclusions

In this paper an automatic offset cancellation topology is proposed to improve the
performance of the differential CBCM. The proposed circuit allows reducing the offset
of the output voltage due to mismatches in an automatic way by exploiting scramblers
and DEM technique. Simulation results shows the effectiveness of the proposed strategy;,
which allows a 20 x reduction of the standard deviation, but with a 14 x reduction of the
sensitivity. The performance increase, moreover, is paid by additional area occupation and
circuit complexity, but it is worth noting that the offset is automatically and continuously
reduced without human intervention, thus enabling the adoption of the CBCM topology in
those applications where hundreds of capacitive electrodes must be processed in parallel.
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