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A Compact Fully Dynamic Capacitance-to-Digital Converter
With Energy-Efficient Charge Reuse

Haoming Xin , Member, IEEE, Kevin Pelzers , Peter Baltus , Senior Member, IEEE,
Eugenio Cantatore , Fellow, IEEE, and Pieter Harpe , Senior Member, IEEE

Abstract—An ultra-low-power fully dynamic capacitance-to-digital
converter (CDC) that exploits a novel charge reuse technique is proposed.
The CDC includes a capacitive bridge as the sensing frontend and an
asynchronous successive approximation register ADC for signal digiti-
zation. Passive charge sharing between the frontend and ADC is used
to enable a fully dynamic operation. Instead of resetting the capacitive
bridge (with large sensing and reference capacitors) for each measure-
ment, the charge is maintained and reused over many measurements to
save energy. A power-gating technique is employed to reduce the stand-by
power. As a result, a figure of merit as low as 4.3 fJ/conv-step is achieved
for the CDC, which is >3× better than the state of the art. Furthermore,
it supports an inherent scaling of power versus speed with a minimum
power of only 44 pW and a compact chip area of 6440 µm2.

Index Terms—Capacitance-to-digital converter (CDC), charge reuse,
dynamic, Internet of Things (IoT), power gating.

I. INTRODUCTION

Emerging miniaturized Internet-of-Things (IoT) sensor nodes
require on-demand sensing with nW-level power consumption due to
the scarce energy available. Furthermore, the sensing circuits should
ideally be able to adapt their performance (speed and resolution)
efficiently over a wide range, such that different applications and
scenarios can be supported. Capacitive sensors are commonly used
to measure many different parameters (pressure, sound, etc.), thus
an ultra-low-power capacitance-to-digital converter (CDC) able to
keep energy efficiency while scaling performance is needed. State-
of-the-art CDCs [1], [2] can achieve a figure of merit (FoM) down
to 16 fJ/conv-step, yet their power consumption is in μW-range,
and have not shown efficient scalability over a broad performance
span. An all-dynamic nW-level CDC with inherent power scaling
with speed and resolution and an FoM down to 18 fJ/conv-step was
proposed in [3]. However, the major bottleneck for the energy con-
sumption of previous CDCs is the energy required to charge the large
sensing and reference capacitors.

To address this issue, an all-dynamic CDC which includes a capac-
itive bridge and an asynchronous successive approximation register
(SAR) ADC with a novel charge reuse technique is proposed. Instead
of the traditional approach where the bridge (with large sensing
and reference capacitors) is reset before each measurement, here
the charge is preserved and reused over many measurements to save
energy. With this approach, the energy consumed by the capacitive
bridge is greatly reduced, thereby allowing the FoM of the CDC to
approach the FoM of a SAR ADC. Moreover, a compact SAR ADC
with unit-length digital-to-analog (DAC) capacitors [4] is used to
reduce the number of capacitors and the value of the unit capacitor.
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Furthermore, an automatic power-gating technique [5] is exploited
to minimize the leakage power of the all-dynamic CDC. This let-
ter is an extended version of [6], and it is organized as follows: the
proposed CDC is introduced in Section II, the measurement results
are presented in Section III, and conclusions are drawn in Section IV.

II. PROPOSED CDC WITH CHARGE REUSE

A. Principle of Charge Reuse in Capacitive Bridge

The proposed CDC includes a capacitive bridge and an asyn-
chronous SAR ADC, and it has three operation phases (reset, sample,
and AD conversion), as shown in Fig. 1(a) and (b). The capacitive
bridge includes an off-chip sensing capacitor (Cs), an on-chip refer-
ence capacitor (Cr), and several switches to enable the three operation
phases. Cp represents the parasitic capacitance of the interconnection
between Cs and the CDC. The bridge output is directly sampled
on the ADC DAC capacitors (CDAC) through passive charge shar-
ing to enable low-power fully dynamic operation [3]. Note that only
a single-ended circuit that includes the bridge, the aggregated DAC
capacitance (CDAC), and the sampling switch of the SAR ADC, is
shown for simplicity.

At the beginning of measurement 1, all capacitors are reset to the
ground. Then, in the sample phase, the top and bottom nodes of
the capacitive bridge are connected to VDD and VSS, respectively.
According to the calculations shown in Fig. 1(b), a Cs-dependent out-
put voltage Vs is then established on CDAC. Even though this Cs −Vs
transfer function is inherently nonlinear, it is entirely predictable, thus
it can be reversed in the digital domain [3]. Then, the SAR ADC dig-
itizes the sampled Vs asynchronously and produces the digital output
after a conversion delay. In the meantime, the bridge switches are
off to keep the bridge capacitors floating. In this way, the charge that
was previously stored in the bridge capacitors (Cr, Cs, and Cp) during
the sample phase can be preserved. Furthermore, the DAC capacitors
are automatically reset to the state before conversion after the AD
conversion is finished. Thus, the charge that was stored in CDAC is
also preserved. Since the charge in all the associated capacitors is
preserved, it can be reused by subsequent measurements (2 to N) to
save energy. Instead of resetting the capacitors to ground before the
sample phase [3] (which would require recharging of the capacitors),
in the measurements with charge reuse, the reset phase is skipped and
the measurements start from the previously charged state, as shown in
the timing diagram of Fig. 1(a). By doing this, the capacitive bridge
only needs to be fully charged once every N measurements, which
significantly reduces the average bridge energy consumption. Note
that the measurements without reset provide an identical output as
compared to measurements with reset, even when Cs changes dynam-
ically. For example, at the sample phase of measurement 2 [Fig. 1(c)],
if Cs is increased (or decreased) by �C compared to the Cs value
in measurement 1, an amount of charge �Q will be provided from
(or dumped back to) the supply/decoupling capacitor. According to
the calculations shown in Fig. 1(c), the output voltage without reset
Vs,new exactly matches with the Cs −Vs transfer function with reset.
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Fig. 1. (a) Overall timing diagram. (b) Illustration of the three operation
phases of the CDC. (c) Example sample phase without a reset phase.

Fig. 2. Charge leakage during charge preservation.

B. Leakage in the Capacitive Bridge

Theoretically, an infinite number of measurements without reset
can be performed after measurement 1. However, due to the leakage
of the bridge switches, the preserved charge will slowly decline in
time. As shown in Fig. 2, the current that leaks out of the middle point
of the bridge (Ileak,A) will cause errors in measurements with charge
reuse. Taking measurement 2 as an example, the error introduced in
the bridge output voltage due to Ileak,A can be calculated as

Verror =
∫ �T

0 Ileak,A(t)dt

Cs,new + Cr + Cp + CDAC
(1)

where �T is the time difference between the sample phase of mea-
surements 1 and 2, and Cs,new is the sensing capacitance value at the
sample phase of measurement 2. Moreover, this error will accumulate
in the measurements afterward. Thus, only a limited number (N − 1)
of measurements without reset can be performed with a certain accu-
racy (e.g., error <0.5VLSB of the ADC). After this, a measurement
with a reset phase should be performed to remove the accumulated
error caused by leakage, and then, a set of N − 1 measurements can
be performed again without reset.

In order to save more energy by means of charge reuse, Verror
should be minimized, such that N can be maximized. According

to (1), increasing the value of Cr and CDAC could help to reduce
Verror. However, a Cr value that is close to Cs should be used to
maximize the bridge sensitivity [3], and CDAC should actually be
minimized to reduce the signal attenuation caused by the passive
charge sharing between the bridge and ADC [3]. Thus, it is better to
reduce Ileak,A. To achieve this, Vs should be kept as low as possible
(to minimize the voltage drop over the reset switch Srst), and the off-
state impedance of Srst should be maximized. Note that the current
that leaks from the top of the bridge (Ileak,B) does not cause mea-
surement errors. However, the lost charge because of Ileak,B needs to
be refilled in the next measurement, which consumes energy. Thus,
Ileak,B should also be minimized.

C. Bridge Energy Consumption With Charge Reuse

Energy saving is the major advantage of the charge reuse technique.
It is clear that the bridge with charge reuse only needs to be fully
charged once over many measurements if Cs is a fixed value. As will
be discussed in this section, actually this conclusion still holds even
if Cs changes dynamically. For measurement 1 with a reset phase, the
energy drawn from the supply to charge the capacitive bridge from
ground to VDD can be calculated as Eb,1 = Ceq,1 · VDD2, where
Ceq,1 is the equivalent capacitance of the bridge to ground (Fig. 2) for
measurement 1. Then, in measurement 2, the equivalent capacitance
will change from Ceq,1 to Ceq,2 due to the change of Cs, and the
bridge will not be reset to the ground but starts from the previously
stored state to save energy. Depending on whether Ceq,2 is larger than
Ceq,1 or not, an extra amount of charge �Q will be provided from
or dumped back to the supply/decoupling capacitor in the sample
phase of measurement 2, as mentioned previously. Thus, the energy
“consumed” to charge the bridge in this case becomes: Eb,2 = �Q ·
VDD = (Ceq,2−Ceq,1)·VDD2. For the case when Ceq,2 > Ceq,1 (Cs
increases), an extra amount of energy will be consumed to charge the
increased Ceq. While for the case when Ceq,2 < Ceq,1 (Cs decreases),
Eb,2 is a negative number, which means the capacitive bridge actually
gives energy back to the supply in this case. The calculation of Eb,2 is
valid for all the measurements afterward with charge reuse. Assuming
there are N − 1 measurements (measurement 2 to N) without reset,
the bridge energy consumption at the ith measurement (i ∈ [2, N])
can be calculated as Eb,i = (Ceq,i − Ceq,i−1) · VDD2. Here, the
leakage current of the bridge is assumed to be negligible, and Ceq,i
is the equivalent capacitance of the bridge at the ith measurement.
Therefore, the total energy drawn from the supply to charge the bridge
for these N measurements can be calculated as

Eb,total =
N∑

i=1

Eb,i = Ceq,N · VDD2. (2)

According to (2), Eb,total is equal to the energy consumed to charge
Ceq,N from ground to VDD only once. Therefore, the average bridge
energy consumption per measurement is reduced by N times, even if
Cs changes dynamically.

D. CDC Architecture and Capacitive Bridge Implementation

Fig. 3 shows the CDC architecture and the operation waveforms.
The bridge and ADC use the same supply (VDD = 0.6 V) to achieve a
ratiometric measurement. A 1-V VDDH is used for the clock drivers
and the ADC power-gating logic. The capacitive bridge includes a
sensing and a reference arm, which produce a Cs-dependent voltage
Vs and a reference voltage Vref to the differential SAR ADC, respec-
tively. The target sensing range of this prototype is from 0 to 6 pF, and
the value of Cr1 is chosen to be 5 pF. In this case, Vs will vary from
0 V to about 300 mV for the target sensing range [Fig. 4(a)]. This
relatively low Vs helps to reduce Ileak,A, which leads to smaller Verror
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Fig. 3. Architecture and operation waveforms of the proposed CDC.

Fig. 4. (a) Calculated bridge output voltages (Cp = 1.5 pF and
CDAC = 512 fF) and (b) CDC energy per conversion versus N (with largest
Cs, and at maximum operation rate), based on simulation and calculation.

according to (1). The value of Cr2 is chosen to be 1.8 pF, which pro-
duces a Vref of about 150 mV. To further reduce Ileak,A (and Ileak,B),
small high-Vth nMOS transistors (W/L = 150 nm/60 nm) are used
as the reset switches. The on resistance of these small reset switches
is still sufficiently low thanks to the 1-V clock drivers. According to
simulations at room temperature, the errors (due to reset switches’
leakage) in the differential output (Vs − Vref) after 1 ms of charge
preservation are within 140 μV for the target Cs values, which is
< 0.5VLSB (≈ 150 μV) of the ADC. Since the conversion time of
the CDC is only 10 μs, one reset pulse would be enough for N = 100
measurements, keeping the errors caused by leakage below 0.5 LSB.
Note that the ESD protection diodes in the I/O pad that connects
to Cs also introduce leakage. By using customized ESD protection
diodes with a relatively small size, the errors due to this leakage are
not significant (as will be verified in measurements). Fig. 4(b) shows
the energy per conversion of the CDC at different values of N: the
bridge energy becomes negligible when N ≥ 10. Therefore, even with
a tenfold increase in Ileak,A (e.g., due to higher temperature and/or
larger ESD diodes), a similar energy reduction can still be achieved.

E. SAR ADC With Automatic Power Gating

A 10-b asynchronous SAR ADC with unit-length DAC capaci-
tors [4] is used in this CDC. Thanks to the unit-length capacitors,
the total core DAC capacitance is only 128 fF (with 128-fF par-
asitic capacitance). A 256-fF attenuation capacitor is added to the

Fig. 5. Die photograph of the CDC in 65-nm CMOS.

Fig. 6. (a) Measured CDC output code versus Cs for six IC samples (the CDC
also supports Cs < 0.458 pF, but measurements are limited by the trimming
capacitor’s range) and (b) measured error versus Cs for six IC samples after
calibration.

DAC array, such that the input range of the ADC is reduced to about
300 mV (≈ bridge output range) for a 0.6-V VDD, while the ADC
sensitivity is increased by a factor of two [3]. As a result, the total
capacitance in the DAC array (CDAC) becomes 512 fF. As this is
>10× smaller than the equivalent capacitance seen from the bridge,
passive charge sharing between the bridge and ADC gives less than 1
dB of signal attenuation. As the common-mode voltage of the bridge
output is relatively low [Fig. 4(a)], an ADC comparator with pMOS
input transistors is used. Furthermore, the SAR ADC (except for the
memory cells) is automatically power gated [5] after the conversion
is finished (Fig. 3) to minimize the leakage power of the CDC.

III. MEASUREMENT RESULTS

Thanks to the simple architecture and compact ADC [4], a chip
area of only 6440 μm2 is achieved in 65-nm CMOS (Fig. 5). An
external trimming capacitor is used to characterize the CDC, and the
total Cp is estimated to be about 1.5 pF in the measurements. First,
the CDC is characterized without charge reuse. The CDC supports a
sensing range from 0.458 to 5.886 pF [Fig. 6(a)]. After a two-point
calibration and systematic nonlinearity correction, the measurement
error stays between −13 and 11 fF over the whole measurement
range, for six ICs [Fig. 6(b)]. As the measurements are performed
without charge reuse, the errors shown in Fig. 6(b) do not include
bridge leakage errors, but are mainly caused by ADC nonlinearity.

When enabling charge reuse, the reset pulses are given at 1.25 kHz,
while the CDC operates at 100 kS/s. Thus, 1 measurement with reset
(i = 1) is followed by 79 measurements (i from 2 to 80) without
reset, which form a measurement group. 217 measurements in total
are performed with a fixed Cs value, which leads to 1638 measure-
ment groups. By averaging the 1638 outputs for each measurement
index i, an averaged digital output for each measurement index is
obtained. Then, the errors caused by bridge leakage can be calcu-
lated by comparing these averaged outputs to the averaged output
when i = 1. Measured at room temperature, the errors due to bridge
leakage for 15 different Cs values (0.458 to 5.886 pF) over all 80
measurement indexes are all within ±0.5 LSB [Fig. 7(a)]. The same
measurement has been done for another five IC samples, and the
maximum errors due to bridge leakage (over 80 measurements and
15 different Cs values) for these ICs are similar [Fig. 7(b)].

Due to the inherent nonlinear Vs − Cs transfer function, the rms
noise of the CDC increases with Cs from about 4 fFrms to about
12 fFrms [Fig. 7(c)], and the noise when enabling charge reuse is
similar to the case without charge reuse. The averaged rms noise [3]
over the entire sensing range is 7 fFrms and 7.3 fFrms for the case
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Fig. 7. (a) Measured errors due to bridge leakage over 80 measurement
indexes (reset is only applied for i = 1), (b) measured maximum errors due
to bridge leakage for six ICs, and (c) measured rms noise versus Cs.

Fig. 8. (a) Measured power consumption (with largest Cs) at different
measurement rates and (b) CDC FoM versus Cs at maximum measurement
rate.

Fig. 9. (a) Measured errors due to bridge leakage at different temperatures
(Cs = 0.458 pF, worst case) and (b) measured power supply sensitivity.

without and with charge reuse, respectively. Oversampling and aver-
aging can optionally be used to improve the averaged resolution to
< 2 fFrms.

Thanks to the all-dynamic architecture, the measured power scales
inherently with the measurement rates fmeas [Fig. 8(a)]. When
fmeas > 1.25 kS/s, the reset pulse rate is fixed at 1.25 kHz to enable
charge reuse. The higher fmeas is, the more energy is saved. When
fmeas ≤1.25 kS/s, each measurement requires a reset phase to avoid
leakage errors. Thanks to the power-gating technique [5], the stand-
by power of the CDC is reduced to only 44 pW. The FoM of the
CDC with charge reuse increases with Cs from 2.5 fJ/conv-step to
7.3 fJ/conv-step [Fig. 8(b)], and remains significantly lower com-
pared to the case without charge reuse. Over the entire Cs range, the
average FoM with charge reuse is 4.3 fJ/conv-step.

The errors due to bridge leakage increase at higher temperature
[Fig. 9(a)]. At 85 ◦C, N ≤ 9 should be used to keep the errors
within 0.5 LSB. However, even with N = 9, the CDC energy can
still be effectively reduced as shown in Fig. 4(b), confirming the
effectiveness of charge reuse even at high temperature. When VDD
varies ±10% around 0.6 V, the measured error spans from −1.6 to +2
LSB [Fig. 9(b)] thanks to the ratiometric architecture. Furthermore,

Fig. 10. Demonstration with a MEMS microphone at two reset settings.
Noise has been averaged out (test with 10-kHz single-tone sound which is
synchronized with the 100 kS/s measurement frequency).

TABLE I
PERFORMANCE SUMMARY AND COMPARISON

the CDC is verified with a capacitive MEMS microphone at two reset
settings (Fig. 10). As shown, even though Cs changes dynamically,
the results with charge reuse match well to the results where each
measurement includes a reset.

IV. BENCHMARKING AND CONCLUSION

Table I shows the performance summary of the proposed fully
dynamic CDC and a comparison with other works. Thanks to
the charge reuse technique, this work achieves the lowest FoM
of 4.3 fJ/conv-step. Moreover, it also achieves the lowest reported
power consumption and energy/conversion of 44 pW and 0.94 pJ,
respectively, with only 6440 μm2 of chip area, making it a com-
pact, low power, and energy-efficient interface that is suitable for
energy-constrained IoT applications.
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