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Abstract—This work presents a current input continuous-time
sigma-delta modulator (C-CTΣ∆M) for biomedical application
such as electrochemical impedance spectroscopy. Low noise and
low area current input digitizers are required to implement high
spatial resolution multi electrode arrays. In this work, the use of
a switched capacitor with resistor D/A converter (SCR-DAC) for
the C-CTΣ∆M is proposed for this purpose. SCR-DACs offer the
realization of large resistances on small area, which leads to a very
small area consumption combined with good noise performance.
A C-CTΣ∆M with an SCR-DAC prototype is fabricated in a
180-nm CMOS process. The implemented ADC occupies an area
of only 120 × 200 µm2. In order to increase the dynamic range
(DR) of the C-CTΣ∆M, two modes have been implemented. In
the low noise configuration an integrated in band noise of 157-
pArms in the signal band width of 100 kHz with a peak SNDR
of 62 dB is achieved. In the high DR configuration a peak SNDR
of 72 dB with an MSA of -4.1 dB corresponding to 9.1 µA is
measured. The complete C-CTΣ∆M consumes 2 mW from a 3-
V supply and achieves a total DR of 95 dB.

I. INTRODUCTION
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Electrochemical detection of target molecules, the analysis of
bioimpedances and their realization in sensory microsystems
are reported in the state of the art (SoA). The most common
methods used for the analysis of endogenous and exogenous
molecules or electrical properties of tissue are chronoamper-
ometry (CA), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). Measuring barrier integrity of
epithelia cells in lung with EIS e.g. allows to modulate the
barrier function of the epithelium, which results in a stimulus-
dependent, dynamic modulation of tight junctions (TJ). This
can be used to study the TJ behavior for different pharmaceu-
tical treatment in order to facilitate research on diseases such
as Pneumonia, Tuberculosis, etc [1].

CMOS integration offers many possibilities such as scalabil-
ity, small size and avoiding long cables, which can be used
to realize a high number of recording channels of e.g. EIS
sensors. Multi electrode arrays (MEA) offer spatial resolution
for detecting down to individual cell activity, which requires
the MEA readout to be as small as possible approaching
sub-cell dimensions. The number of recording electrodes is
then limited by the size and the power consumption of the
each sensor frontend. Each of the mentioned readout methods
usually consists of two main parts: a (voltage) signal generator,
which excites the sample under test (SUT), and a potentiostat,
which can be described as a current recorder, which measures
the response of the SUT to the excitation signal. In order to
increase the flexibility of the system, each electrode should
be configurable as signal generator or current recorder. The
signal generator can be as complex as fully integrated large
and power hungry DACs [2], but as shown in Fig. 1, it
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Fig. 1. Schematic of proposed architecture for MEA implementation.

can also be implemented by only two local switches and
a globally realized sigma delta modulator (Σ∆M) digital to
analog converter (DAC) [3]. This allows to locally realize an
area and power efficient signal generator. Excitation signals
can be as simple as a single sinusoidal signal for frequency
response analysis, or for rapid EIS multisinusoidal excitation or
even wideband noise [4]. On the recorder site, the use of small
electrodes, small excitation signals of around 10 mVrms (for
safety of cells and electrodes), and the disadvantageously large
background currents lead to currents expanding from pA-level
to µA-level. Such large dynamic range potentiostats have been
realized using various circuit architectures, such as CT Σ∆M
[5], current conveyors [6] [7], current amplifiers preceding the
ADC [8] or slope ADCs [2].

In all SoA, noise performance is obviously traded against
bandwidth (often limited below 10 kHz) and power. Notewor-
thy, high power-noise efficiency is thereby again traded against
linearity (e.g. current conveyors and pseudo-resistors achieve
low linearity) and area, partially for the used implementation,
partially for 1/f noise. Obviously, excessive area makes the
designs impractical, whereas limited linearity contradicts high-
fidelity readout.

This work presents an area-efficient implementation of a
current input continuous time sigma delta modulator (C-
CTΣ∆M) as a directly digitizing potentiostat for EIS ap-
plication with 100kHz bandwidth, which allows the use of
wideband excitation as well as digital lock-in detection. The
proposed architecture utilizes a switched capacitor resistor
(SCR) feedback DAC, which advantageously implements a
large equivalent resistance that is necessary to implement the
required transimpedance element with high sensitivity on small
area. The properties of the proposed architecture are discussed
and followed by the design considerations. Finally, the proto-
type is presented with its measurement results followed by a
comparison to the published SoA.
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Fig. 2. Schematic of the proposed SCR-DAC Current-CTΣ∆M.

II. SYSTEM ARCHITECTURE

Various approaches have been presented for recording and
digitizing current signals. A most common approach is the
transimpedance amplifier (TIA), where - for low current
recordings - the transimpedance element becomes a critical
implementation, and is often realized by pseudo-resistors [9].
The pseudo-resistor then can become a reason for low linearity.
Extending the resistive TIA into a mixed-signal feedback
loop, it transforms into a continuous time CTΣ∆M. In [10]
it was argued that these are a better choice in terms of
power, speed and dynamic range than resistive TIAs. Also,
the CTΣ∆M concurrently digitizes the input signal, which for
other implementations has to be done in a separate circuit. For
this purpose, also other implementations have been used, e.g.
a slope converter in [2] with very high sensitivity, but again
with limited linearity.

In the SoA, CTΣ∆M are mainly used to digitize voltage
inputs. However, by removing the input resistor a current
sensing ADC is realized [5]. With this modification the
maximum and minimum input currents are dependent on the
realization of the outermost feedback DAC and its full-scale
current as well as inband noise contribution. This yields to
the trade-off that for achieving pA-level sensitivity, the noise
contribution of the first DAC must be minimized, while for
large dynamic range and thus large full-scale currents its size
must increase. The minimization of the DAC noise is realized
in the SoA by utilizing large resistances, where the noise
contribution of the resistor is inversely proportional to its value
(SI2n

= 4kBT/RDAC, where RDAC is the DAC resistance).
Implementing large resistors in the range of MΩ is very
challenging due to size and constraints of parasitic capacitors,
which can heavily limit the bandwidth. Pseudo-resistors have
been used, which usually achieve very limited linearity, and in
order to avoid their process dependent imprecision, significant
circuit overhead has to be implemented [8] [9]. Alternatively,
in CTΣ∆M the DAC can be realized by current sources (CS)
[5]. The disadvantage is the inferior noise performance of the
MOS current source feedback DAC compared to resistors.

The SCR-DAC architecture has been introduced by [11] in
order to reduce the jitter sensitivity of CTΣ∆M due to its
decaying shaped waveform. In this work, the SCR-DAC is not
primarily used for this feature, but its advantages concerning
the realization of the SCR-DAC as large resistor with superior
noise performance is exploited. The derivation of the SCR-
DAC noise performance can be done similarly as in [12] for
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Fig. 3. Schematic of the utilized amplifier with its GBW tunability.

switched capacitor circuits, but with the difference that for
the SCR-based C-CTΣ∆M the noise contribution of the SCR-
DAC must be input referred as current noise. Doing so it
can be shown that in order to achieve small input referred
noise, the implementation using an SCR-feedback requires
to minimize all capacitors, i.e. the integration capacitor CI,
the parasitic capacitor CP as well as the feedback capacitor
CR; this consequently yields small area requirements, which
alleviates the usual trade-off between noise and area.

III. DESIGN PROCESS FOR THE SCR-DAC C-CTΣ∆M
Figure 2 shows the proposed architecture. A similar structure

has also been recently implemented in [7], where a current
conveyor was used upfront a hybrid continuous- and discrete-
time Σ∆M for a touch sensor readout. In the proposed design,
a current-input CTΣ∆M with SCR DAC is presented for area
efficient current digitization. Only the first DAC is realized as
SCR-DAC to meet the noise and area requirements, while the
second and third DACs of the CIFB Σ∆M are realized as half-
delay return to zero (RZ) DACs. Note, that in a C-CTΣ∆M due
to presence of the largely unknown CP at the input node, the
CIFB structure is preferable, since in CIFB the last integrator
forms the fastest loop and this loop is independent CP. In
a CIFF architecture, the fastest loop and thus the stability is
determined in the first integrator, which would be compromised
by the unknown CP. The quantizer samples on the first clock
phase, while all DACs operate on the second phase of the clock
to mitigate the use of an excess loop delay compensation path.

In order to achieve low noise performance, CR, RR, CI, and
CP should be minimized. CP is the parasitic capacitance that
mainly comes from the ESD protection pad, potential wiring
or the SUT. In the design process of an SCR-DAC, CR, RR,
and CI are calculated by use of [11]:

RR =
R0

kSCR
=

1

kSCRfsCI
(1a)

CR =
τ

RR
=

τ0
RRfs

= τ0kSCRCI, (1b)

where kSCR is the scaling coefficient of the SCR-DAC, τ
the discharge time constant associated to the SCR-DAC, and
fs is the sampling frequency of the C-CTΣ∆M.

In order to minimize RRCI (leading to small area), kSCR

and/or fs should be large. On the other hand, the full scale
current of the SCR-DAC is IFS = Q/TS = CRVFSfs (where
VFS is the full scale reference voltage, to which the SCR-DAC
is charged). Therefore, increasing fs yields an increased IFS.
Simultaneously, for a given SNR, large IFS limits the achiev-
able smallest detectable current. Alternatively, the discharge
time constant τ0 can be minimized, which increases kSCR and
thus small CR. However, small τ0 and big fs increase the
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Fig. 4. Layout of the fabricated C-CTΣ∆M occupying only 120× 200 µm2.
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Fig. 5. Area break down of the implemented SCR C-CTΣ∆M.

amplifier dynamic requirements, such as slew rate (SR) and
gain-bandwidth (GBW), since the discharge rate of the SCR-
DAC decreases and the amplifier needs to react to faster current
changes, while maintaining a stable virtual ground node. This
indicates the available trade-off of SCR-DAC between the
power consumption and area. Another trade-off is due to the
presence of the partially unknown CP at the virtual ground
node of the input stage. This capacitor leads to a feedback
factor of β = CI

CI+CP
, which reduces the effective GBW of the

amplifier. This influence can be reduced by bigger values of
CI or by intentionally designing for a larger GBW margin.

In order to achieve high linearity for the C-CTΣ∆M, a
single bit quantizer and DAC are employed. Though, single-
bit operation increases the jitter sensitivity of the C-CTΣ∆M,
using the SCR-DAC highly relaxes this [11]. To satisfy all
mentioned requirements and trade-offs, by using the design
environment of www.sigma-delta.de [13] a 3rd order CIFB
CTΣ∆M with SCR- and RZ-DACs was optimized with τ =
0.01 and OSR = 100. CR = 24 fF is used to realize
the SCR-DAC. Using Eq.1 and fs = 20 MHz (signal band
of fSig = 100 kHz), RR and CI are 28 kΩ and 335 fF,
respectively.

With VFS = 1.5 V, the full scale current becomes IFS =
CRVFSfs ≈ 750 nA. By using two modes of operation,
the overall dynamic range (DR) of the C-CTΣ∆M can be
increased. This is achieved by switching between two config-
urations of the SCR-DAC (Fig. 2). In the second configuration
CR,DR = 485 fF is utilized. This leads to IFS,DR ≈ 14.55µA,
CI,DR = 7.37 pF, and RR,DR = 1.3 kΩ.

IV. CIRCUIT DESIGN

The first amplifier is realized as two-stage Miller compen-
sated amplifier (Fig. 3) and it is designed to achieve required
noise specification. Since CI and CI,DR << CP, the amplifier
load is dominated by CI and CI,DR, respectively. This means
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Fig. 7. Experimentally measured dynamic range of the prototyped C-
CTΣ∆M in the two configurations with a 23.3 kHz sine wave.

that the amplifier can be optimized for the two configurations.
In the low noise mode, since the CI = 335 fF the Miller
capacitance is optimized to achieve higher GBW, where it
helps to decrease the influence of the feedback factor β on
the effective GBW. In the higher DR mode, the Miller cap is
optimized such that the amplifier can drive the higher output
capacitor, where - due to large value of CI,DR - the influence
of the feedback factor is reduced.

The SCR-DAC is implemented as shown in Fig. 2. Trans-
mission gates are driven by a non-overlapping clock. The
switch transistors are sized for negligible noise contribution.
The second and the third RZ-DACs are designed as current
sources for low area consumption. An on-chip beta multiplier
provides all reference currents for the DACs and OTAs. The
single-bit quantizer is implemented as strong arm latch.

V. MEASUREMENT RESULTS

The prototype has been implemented in X-FAB 180 nm
technology. Fig. 4 shows the chip photo and layout. The
C-CTΣ∆M occupies 120 × 200µm2 and consumes 2 mW
from a 3 V supply, where ≈ 1 mW is consumed by the first
amplifier, which is mainly to achieve the required noise and
GBW requirements. Fig. 5 depicts the area break down of the
utilized area for each part of the SCR C-CTΣ∆M.

The C-CTΣ∆M has been measured in the two different con-
figurations. Fig. 6.a shows the 219 points measured spectrum



TABLE I. PERFORMANCE SUMMARY AND COMPARISON WITH THE OTHER CURRENT DOMAIN DIGITIZER.

System TBioCAS JSSC TBioCAS JSSC ESSCIRC This
2012 [2] 2009 [5] 2013 [6] 2018 [7] 2017 [8] Work

Technology
(nm)

130 500 350 180 350 180

Read-out
Approach

Dual Slope
Multiplying ADC

CT
C-Σ∆M

Dual Mode
ADC

Current Conveyor
CT-DT C-Σ∆M

Current Amplifier
C-Σ∆M

SCR-DAC
C-CTΣ∆M

Power
(mW)

0.042 0.076 0.188 0.137 9.7 2

Supply
Voltage (V)

1.2 2.5 3.3 1.8 3 3

Area
(µm2)

300 × 200 920 × 180 200 × 200 35 × 760 300 × 2000 120 × 200

Conversion
Rate(Hz)

3-modes
100, 1 k, 10 k

10 k
2-modes
100, 1 k

≈ 1 k 20 k 200 k

DR
(dB)

140 (3-mode)
48, 54, 60 (individual) 82 83 (2-mode)

60, 64 (individual) NA 57 95 (2-mode)
69, 74 (individual)

Sensitivity
(pArms)

0.32*
(BW=NA)

56.7
(BW= 5 kHz)

24
(BW= 50 Hz)

NA 0.3
(BW= 10 kHz)

157
(BW= 100 kHz)

Noise Floor
(fA/
√
Hz)

NA 802 3400 NA ≈ 2 498

SNDR
(dB)

48.2, 54.1, 60.1 NA 42, 52 <42 51 66, 72

*FRA: Only one sinusoidal signal at a time (lock-in technique)

of noise floor of the C-CTΣ∆M in the high-sensitivity mode,
where CR = 24 fF. The integrated in band noise is IBN
= −73.2 dBFS where IFS = 720 nA. This leads to a minimum
detectable current of Imin = 157 pA in the bandwidth of
BW = 100 kHz, which translates to a noise floor of NF
= 498 fA/

√
Hz. The achieved noise is limited by the ESD

protection, since not only ESD diodes’ leakage current is
injected to the input but also it increases the available CP.
In the high DR configuration, the maximum stable amplitude
(MSA) is −4.1 dBFS, which leads to a signal to noise and
distortion ratio of SNDR = 72 dB (Fig. 6.b). In this config-
uration with IFS = 14.55µA and MSA = −4.1 dBFS, the
maximum detectable current becomes Imax ≈ 9.1µA. Thus,
the combined dynamic range of the system is DR= 95 dB.
Fig. 7 shows the signal to noise ratio (SNR) and SNDR of the
two configuration versus the input signal.

VI. COMPARISON AND DISCUSSION

Tab. I compares the performance of the proposed SCR-DAC
based current input CTΣ∆M to the recent state of the art.
The proposed architecture combines among the smallest area
consumption with the highest SNDR in the largest bandwidth.
In a more detailed comparison, [8] has the smallest reported
noise floor, however its area and power consumption are almost
25 and 5 times higher than this works, respectively, while
having ≈ 15 dB less SNDR, which stems from the use of
pseudo-resistors. The dual slope multiplying ADC from [2]
reports excellent sensitivity on very small area and power,
though the design is a frequency response analyzer (FRA),
which can work only with a single sinusoidal excitation signal
at a time (lock-in technique). Also, the dual slope multiplying
ADC showed only limited linearity. In the presented work,
the relatively larger integrated noise of 157 pArms in the
100 kHz inband could easily be reduced by digital lock-in
detection, which could be performed simultaneously on a
multi-sinusoidal excitation [4].

VII. CONCLUSION

In order to achieve small spatial resolution in multi electrode
arrays (MEA), the area consumption of the integrated frontend
circuit is of similar importance as the sensitivity itself. There-
fore, in this work a SCR-DAC C-CTΣ∆M has been presented
which has been implemented in 180 nm X-FAB in a very
small area of 0.024 mm2. The SCR-DAC offers a very good

noise performance with small area implementation. Also, the
SCR-DAC allows utilizing single-bit quantizer to achieve high
linearity ADCs while reducing the jitter sensitivity. The third
order SCR-DAC C-CTΣ∆M has been measured and compared
with published SoAs and showed a very competitive area, noise
and power tradeoff.
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