
1 IEEE CICC 20251 IEEE CICC 2025IEEE CICC 2025

A direct digitizing, 1MHz bandwidth, 28fA/√Hz current
sensing front-end based on a mixed-signal integrator-
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Low-noise and high-throughput current sensing front-ends are re-
quired for sensor systems such as electrical impedance spec-
troscopy, ion conductance microscopy, or nanopore-based DNA se-
quencing [1–3]. Such applications require fA/√Hz noise floor and at
the same time hundreds of kHz or even MHz bandwidth (BW).
Fig.1 shows an overview of different current sensing front-ends. Re-
sistive transimpedance amplifiers (R-TIAs) achieve wide BW and low
noise, but require a large feedback resistor to maintain a low noise
floor [2, 3]. The integrator-differentiator TIA (I-D-TIA) splits the task
of low noise (integrator stage) and high BW (differentiator stage) [4–
7]. However, the analog differentiator is the dominant power and
area consumer due to its high speed requirements and large input
capacitor. R-TIA, and I-D-TIA often make use of pseudo resistors,
which come with the drawbacks of PVT sensitivity, added shot noise,
required precise references and use of silicon-on-insulator (SOI) pro-
cess. They also require an explicit analog-to-digital converter (ADC)
for digitization. While current-mode delta-sigma modulators (CM-
DSMs) offer implicit digitization, wide dynamic range, and linearity
with high power efficiency. However, they suffer from limited BW due
to the required oversampling [1, 8–12].
This work presents a mixed-signal integrator-differentiator TIA (MS-
TIA) based on the working principle of the I-D-TIA, where the dif-
ferentiator and the ADC are exchanged in the signal chain [13] as
indicated in Fig.1. It offers the same low noise and high throughput
capabilities as the I-D-TIA, but includes digitization and implements
more of the signal processing in the digital domain, benefiting from
technology scaling.
Fig.2 shows the system architecture of the presented MS-TIA.
The input integrator converts the single-ended input current into a
differential-ended output voltage via a noiseless feedback capacitor.
A continuous-time 3rd-order incremental DSM (Inc-DSM) with a 3rd-
order chain-of-integrator (COI) decimation filter with 20-bit output is
used to digitize the integrator output. A similar architecture to that
used in [14] was chosen for the Inc-DSM. It operates at a sampling
rate of ffast=120MHz, is reset at a rate of fslow=2MHz, and achieves
a SNR/SNDR/SFDR = 78.7/76.1/82.1dB for a 100kHz input tone at
-6dBFS input magnitude. The CT ADC allows to omit a switched
sampling capacitor and easier drivability. Even though its incremen-
tal operation suffers from a noise-penalty of about 2.5dB compared
to a free-running DSM as ADC, it allows for multiplexing different in-
tegrator frontends in a future multichannel design.
In the AC forward path, the digital output is filtered by a digital dif-
ferentiator (DDIFF) (1-z-1). The DC feedback path is realized by a
mixed-signal DC servo loop (DSL) [15]. The incremental ADC out-
put is passed to a digital DSL filter running at fslow. Its implemen-
tation in the digital domain is advantageous because a low cut-off
frequency (<100Hz) is desired, which usually requires large passive
components in analog DSLs. In addition the digital DSL filter can be
reprogrammed to change the minimum cut-off frequency. The out-
put of the digital DSL filter is passed through a 2nd-order digital DSM
(DDSM) running at ffast to convert its 14b input into a complementary
1b output. The large high-frequency digital quantization noise of the
DDSM is filtered by a single operational amplifier (OA) second-order
analog low-pass filter (LPF) (see Fig.3). The feedback current of the
DSL in Fig. 2 is generated by an active voltage-to-current converter
(V2I) shown in detail in Fig.3. The current generated across the input
resistor Rin is damped by the capacitor ratio Cd/Ci. To avoid satura-
tion of the active current damper, a bias resistor is used in parallel
with Ci, which is 10x larger than Rin. To bypass the bias resistor and

the resulting noise, the slowly changing input of the V2I is modulated
with chopper switches to a higher frequency, where the impedance
of Ci is significantly reduced compared to Rbias. The output current
is generated through the capacitor Cd and then demodulated. The
proposed V2I generates a precise current in the nA range without
using pseudo-resistors.
Fig.4 shows the measurement results of the presented MS-TIA. The
total noise of high-BW TIAs is very sensitive to the input capacitive
load. The lowest noise is thus achieved with a floating input and the
measured integrated noise is 131pArms over a BW of 1MHz, with an
estimated parasitic capacitance of 1.1pF (from the ESD protection
and bond pad). A minimum spot noise of 22fA/√Hz is measured.
A constant total noise of 185pArms and a minimum spot noise of
28fA/√Hz are measured over various DC inputs (max ±12nA). The
DC input is generated via an off-chip 100MΩ resistor. Compared to
the measurements with a floating input, the parasitic capacitance in-
creased by roughly 1pF due to the connections to the PCB and the
off-chip resistor.
Fig.4 also shows two output spectra for two distinct input tones at
100kHz and 800kHz, respectively. The AC input is generated via
the coupling capacitance of adjacent PCB traces (approximately
500fF). For a 100kHz input tone, a maximum SNR/SNDR/SFDR
= 46.5dB/44.2dB/48.8dB was measured, while for an 800kHz tone
a maximum SNR/SNDR/SFDR = 59.4dB/58.2dB/64.0dB was ob-
tained. Due to the frequency dependent dynamic range (DR) of the
input integrator within the MS-TIA, similar to I-D-TIA [4], the low fre-
quency input achieves a lower maximum SNR. The transimpedance
of the MS-TIA is measured with different minimum cut-off frequen-
cies, which can in fact be changed by two orders of magnitude by
reprogramming the digital DSL filter. The MS-TIA achieves a flat
transimpedance gain of RTIA=TS/Ci=126dBΩ. The gain of the MS-
TIA decreases at higher frequencies due to the decreasing signal
gain of the Inc-DSM and the simple DDIFF used to compensate for
the analog integrator. This could be alleviated by using an oversam-
pled DDIFF or an equalizing filter flattening the frequency response,
but also increasing the bandedge noise.
Fig.5 shows a DR sweep for two different input tones, 100kHz and
800kHz. Due to the frequency dependent DR of the input integrator
the higher frequency input tone has a higher DR. However, due to
the reduced gain of the MS-TIA towards the band edge, at small in-
put amplitudes, the DR curve of the 800kHz input tone is shifted to
the right compared to the 100kHz input tone. A total harmonic distor-
tion (THD) sweep for a 100kHz input tone is also shown in Fig.5. A
deep in-band tone was chosen for the THD measurement because
all relevant harmonics are within the first nyquist zone.
The MS-TIA was fabricated in a 28nm CMOS process, occupying an
area of 0.13mm2 and consuming 8.9mW of power including digitiza-
tion. The ADC and the input integrator each consume almost half
of the power while the ADC dominates the area consumption. The
power and area required by the analog part of the DSL, i.e. the LPF
and V2I, plays only a minor role. The area and power required by
the digital part of MS-TIA, specifically COI, DSL filter, and DDSM, is
negligible due to the advanced process node.
Fig.6 shows the FOMnoise of different current sensing front-ends over
a wide BW range. At the realized bandwidth, the presented MS-TIA
achieves a compatible FOMnoise compared to purely analog front-
ends (R-TIA and I-D-TIA) which miss the digitiziation. Compared to
digitizing current sensing frontends (CM-DSM) it achieves orders of
magnitude higher BW. Furthermore the presented MS-TIA achieves
a competitive FOMSchreier among other current sensing frontends.
In Fig.6, the MS-TIA is compared to the state of the art. Unlike most
of the other implementations shown, the low noise floor achieved by
the MS-TIA is maintained regardless of the DC input. In conclusion,
this work extends currently existing purely analog low noise and high
BW front-ends by implementing more of the signal processing tasks
in the digital domain, taking advantage of efficient realization in ad-
vanced process nodes.
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Fig. 1. Conceptual overview of prior works: resistive TIA (bottom
left), current-mode DSM (top left), integrator-differentiator TIA (top
right), and the proposed mixed-signal integrator-differentiator TIA
(bottom right).

Fig. 2. Architecture of the proposed MS-TIA. As the DDIFF is
placed off-chip for flexibility, it was synthesized in the technology
used. After place and route it requires 50µW of power and 644µm2

of area, both below 1% of the overall area/power budget.

Rlp

Cfb

Rlp

Cin

Rlp

Rlp

Cfb

Rlp

Rlp

Rin

Ci

Rin

Ci

Rbias

Rbias

Cd

Cd

fslow fslow

Vout,DAC Vout,LP

dB

f

Vout,LP

Idc

Vcm

Cin=7.2pF
Cfb=4.8pF
Rlp=100kΩ

Ci=2.5pF
Cd=4fF
Rin=50kΩ
Rfb=500kΩ
fslow=2MHz

fc=110kHz

1/(sR
in C

i )

sC
d

Rfb/Rin

dBΩ-1

f

Cd/(CiRin)

fslow fslow

102 103 104 105 106

10−14

10−13

10−12

Frequency (Hz)

IR
N

(A
/√

H
z)

floating input; Irms|Ispot = 131pA|22fA/√Hz
0nA; Irms|Ispot = 182pA|27fA/√Hz
-12nA; Irms|Ispot = 182pA|29fA/√Hz
+12nA; Irms|Ispot = 185pA|28fA/√Hz

101 102 103 104 105 106
110

115

120

125

130

Frequency [Hz]

G
ai

n
[d

B
Ω

]

fmin=30Hz
fmin=300Hz
fmin=2kHz

103 104 105 106
−140

−120

−100

−80

−60

−40

−20

0

Frequency [Hz]

P
S

D
[d

B
FS

]

16k-points FFT Hann3

73nApp@100kHz
SNR = 46.5dB
SNDR = 44.2dB
SFDR = 48.8dB

103 104 105 106
−140

−120

−100

−80

−60

−40

−20

0

Frequency [Hz]

P
S

D
[d

B
FS

]

16k-points FFT Hann3

503nApp@800kHz
SNR = 59.4dB
SNDR = 58.2dB
SFDR = 64.0dB

Fig. 3. LPF used inside the DSL (left). The LPF has a cut-off fre-
quency of fc=110kHz. Due to the fast clock rate of the DDSM, the
cut-off frequency of the LPF can be relatively high, thus requiring
smaller R and C components. V2I stage generating the DC feed-
back (right).

Fig. 4. Input referred noise of the MS-TIA with floating input, and
with different DC inputs (top left). Transfer behavior of the MS-TIA
for different settings inside the DSL filter (top right). Output spectra
of the MS-TIA with in-band 100kHz input sinusoidal (bottom left),
and band-edge 800kHz input sinusoidal (bottom right).
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Fig. 5. Dynamic range of the MS-TIA for two different input tones
(top left), and THD of the MS-TIA for a 100kHz input tone (top right).
Power and Area breakdown (bottom).

Fig. 6. Comparison between the presented and prior work.
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