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Abstract—Transimpedance amplifiers (TIAs) are used in a
wide variety of low noise current sensing frontends. A re-
cently proposed mixed-signal TIA (MS-TIA) is an extension
of the integrator-differentiator TIA but including digitization
and digital differentiation. However, the MS-TIA requires a
high resolution analog-to-digital converter (ADC) in order to
maintain good sensitivity. Capacitive digital-to-analog converter
(C-DAC) based successive approximation register (SAR) ADCs
achieve high resolution at medium bandwidth with good power
efficiency, however require a power hungry ADC input driver.
In this paper, a combination of the MS-TIA and a modified
C-DAC reset scheme is presented, which eliminates the need
for a high performance ADC input driver, resulting in major
improvements regarding power consumption and linearity. The
results are verified by transistor level simulations in a standard
180nm CMOS technology.

Index Terms—current sensing, low noise, MS-TIA, C-DAC,
SAR ADC

I. INTRODUCTION

Low noise and wideband current sensing frontends are
needed in numerous bio- and chemical sensors. For example in
DNA sequencing current-based biosensors are used, achieving
a ~fA/v/Hz noise floor, with a concurrent ~MHz bandwidth
BW) [11, [2].

The integrator-differentiator TIA (I-D-TIA) has received
attention to realize such low noise current sensing frontends,
cf. Fig. la [3]-[5]. Notably the operational amplifier (OA)
used to realize the analog differentiator dominates the power
consumption in low noise, wideband I-D-TIAs, due to its high
demands in gain and unity gain bandwidth product (GBW) [5].

Recently, a mixed-signal TIA (MS-TIA) was introduced in
[6], where the power hungry analog differentiator is replaced
by an analog-to-digital converter (ADC) with subsequent digi-
tal differentiation, cf. Fig. 1b. It was shown that it can achieve
improved power efficiency and implicit digitization when
compared to an all analog I-D-TIA. In the MS-TIA, other than
in current-mode delta-sigma modulators (CM-DSMs) [7]-[10],
the feedback loop only counteracts the DC input current
to avoid saturation of the integrator. However the MS-TIA
requires an ADC with higher resolution, compared to an ADC
needed in a comparable I-D-TIA [6]. Thus, a high power
efficiency of the ADC inside the MS-TIA is crucial.

In recent years, capacitive digital-to-analog converter
(C-DAC) based successive approximation register (SAR)
ADCs have been shown to achieve tremendously good power
efficiency, achieving high resolution and BW in the MHz range
[11]-[13]. Such ADCs can be used in MS-TIAs [6]. However,
the input buffer of the ADC can easily consume the same or
even much more power than the ADC itself [12], [13].

In this paper, a modified reset scheme for C-DAC based
SAR ADCs is presented in combination with the MS-TIAs,
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Fig. 1: (a) I-D-TIA [3] and (b) MS-TIA [6].

which removes the power hungry buffer. This is achieved
by exploiting the lowpass transfer characteristic of the input
integrator and by reconstructing the charge on the sampling
capacitor of the previous sampling point, referred to as input
restoring (IR) reset scheme.

The paper is organized as follows: Sec. II reviews the
working principle of the MS-TIA and Sec. III introduces
the idea of the IR reset scheme. Sec. IV shows design
considerations and models for the MS-TIA utilizing a IR SAR
ADC. Sec. V presents transistor level simulation results and
Sec. VI concludes the work.

II. MIXED-SIGNAL TIA

The MS-TIA, cf. Fig. 1b, was introduced in [6] as an
alternative topology to the I-D-TIA in order to: 1) move
the differentiation from the analog into the digital domain,
removing the power hungry analog differentiator; 2) have
a direct digitizing sensor readout; 3) benefit from scaled
technologies; 4) have implicitly the possibility to implement a
mixed-signal DC servo loop [2], [10]. For readability of this
paper, some important properties of the MS-TIA are shortly
reviewed. The input referred noise power spectral density
(PSD) of the MS-TIA, neglecting the ADC and sampling, is
given by [6]

2
C
2 72 212 P 2
Iiin = Iipac +w°C; <1 + O) Vioas (1
K2
where C; is the integrator capacitor, C, the parasitic input

capacitor, V;0a the integrator OA voltage noise and I,pac
the DC servo loop DAC current noise. Due to the highpass
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shaping, the integrator OA noise dominates the total integrated
noise in wideband MS-TIAs. Thus, by neglecting the noise
from the DC servo loop, the total integrated noise of the
MS-TIA is found by integration over the signal BW O... fi.x

: 2 St o (1. G\
Irms,in ~2 4w %Cz (1 + C) ‘/;I,OA' (2)
7
The required resolution of the ADC used inside the MS-TIA
is defined by the noise power at the output of the integrator
due to its OA noise, which is given by [6]

2 m Cyp ? 2
Vims,int = meax 1+ oA Vioa- (3)

The maximum BW fj.x of the MS-TIA is defined by the

GBWoa ine of the OA used for the integrator [6]
Gy

GBWOA,im = <1 + C> fmax- (4)
It was then shown in [6] that the ADC in a MS-TIA requires
less oversampling when compared to an ADC subsequent
to the I-D-TIA in order to avoid noise-folding by aliasing;
but it was also shown that the ADC in a MS-TIA requires
significantly more signal-to-noise ratio (SNR) as its (white)
quantization and thermal noise is highpass filtered by the
digital differentiator and is thus significantly increased towards
the bandwidth edge. With an design example, [6] could
show that state-of-the-art (SoA) ADCs with Schreier figure
of merit (FoMg.,) >173 dB could fulfill this requirement, and
the overall MS-TIA would then consume less power when
compared to the analog differentiator implementation of the
I-D-TIA.

III. PROPOSED MODIFIED RESET SCHEME

SoA C-DAC based SAR ADCs achieve signal-to-noise-and-
distortion ratio (SNDR) >90dB at BWs in the MHz range,
while reaching FoMg,, above 180dB [11]-[14].

Often disregarded, the input buffer of such high-
performance ADCs will increase the power consumption sig-
nificantly, as it needs to handle rail-to-rail signals and drive
sampling capacitors in the range of tens of pF (due to kT/C
noise), while the settling time is only a fraction of the sampling
frequency, thus a few ns long. Therefore, the ADC input buffer
can easily dominate the power consumption of the whole
ADC, reducing the FoMg., by 3-6dB in [12], [13].

Advantageously, in the case of the MS-TIA the input of
the ADC is the output of the integrator, cf. Fig. 1b, which
has a lowpass transfer characteristic. Thus, assuming a full
scale (FS) input change of the ADC at Nyquist-rate is far too
pessimistic. For a maximum inband sinusoidal input signal
Iin(t) = Imax sin(27 fint) the maximum input signal change of
the ADC, from one sampling point nTs to the next (n+1)Ts,
is given by

(n+1)Ts
AVADC,max :/ afmax Sin(271’fm7') dr (5)
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Fig. 2: Exemplary IR in an 3-bit merged-capacitor switching scheme followed
by a restoring phase for the original input voltages (highlighted in yellow).

where Ts is the sampling period and C; the integrator ca-
pacitor. Eq. (5) shows that the maximum input change of the
ADC is dependent on the sampling period T’s, the maximum
input current I, and the integrator capacitor C;. In low
noise and wideband MS-TIA the sampling period T’s is small,
also for the targeted sensing application, the maximum inband
signal I, is small. Moreover, the integrator capacitor C; is
not arbitrarily small, due the required dynamic range (DR) of
low frequency inband signals [5]. Thus the maximum change
AVapcmax 18 expected to be much smaller than the FS of the
integrator output.

By reconstructing the charge distribution on the sampling
capacitor, such that the input sample is restored after a SAR
conversion cycle, the ADC buffer only has to deliver the
difference in sampling charge between consecutive samples,
which is the core idea of the charge restoring switching scheme
applied to the ADC in the MS-TIA: Using a C-DAC based
SAR ADC, the input is sampled on the C-DAC, then the SAR
algorithm approximates the input sample by redistributing the
charge on the C-DAC. By now re-flipping the switches in
the C-DAC to the initial sampling position without tying the
sampling capacitors to a fixed reference, the charge on the
capacitors is redistributed such that the original input sample
is restored. This concept is referred to as IR SAR ADC.
Then, the ADC input buffer has to deliver only the sampling
charge equivalent to the voltage difference of the next sample,
illustrated in Fig. 2.

IV. SYSTEM MODEL

In order to verify the effectiveness of the proposed IR SAR
ADC used in combination with the MS-TIA, an exemplary
MS-TIA is designed partly using VerilogA modeling and
transistor level design in a standard 180 nm technology. As
design example for noise and DR, the SoA I-D-TIA imple-
mentation from [5] was chosen, with important specifications
summarized in Tab. I. The MS-TIA is thereby designed as
fully-differential (FD) circuit to match the reference ADCs in
[11]-[13]; further, also recent CM-DSMs were implemented
as FD circuits [9], [10].

A. MS-TIA: Integrator transistor level design

A FD two-stage Miller compensated OA with class-A output
stage has been designed on transistor level in a 180 nm tech-
nology. In order to keep the integrator gain comparable to the
single-ended implemented I-D-TIA [5], an integrator capacitor
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parameter value comment
fimin 100 Hz minimum signal BW
Jmax 7.7 MHz maximum signal BW
Vbp 1.8V supply voltage
C; 220 fF integrator feedback cap
Cp 3.08 pF tot. parasitic input cap
Cy 20 pF differentiator input cap
Ry 470k differentiator feedback resistor
Ry. 1GQ DC servo loop resistor
Rip-TIA 153dB tot. transimpedance
Tinax +21nA max. input current
Tims in 440 pArms total input referred noise
Vh,0a 1.72nV/v/Hz int. OA noise, using Eq. (2)

TABLE I: I-D-TIA specifications from [5].

of C; =110fF is used for the FD integrator. Using Eq. (4) and
C; =110fF the OA requires a GBW of 223 MHz. The output
of the OA is periodically loaded by the sampling capacitor
Cg=8.1pF of the coarse SAR ADC stage. The required
current in the integrator OA is defined by the demanded GBW,
load capacitor C'g, and voltage noise, see Tab. L. In total the
integrator OA requires a bias current of 900 yA from a 1.8V
supply and achieves a phase margin of 78°.

In the design considerations of the integrator OA a possible
limitation due to slew rate (SR) is not considered. However
since the integrator is driving the large sampling capacitor
Cy of the ADC, SR should not be neglected. Thus, class-AB
stages would be more practical. However a simple OA design
was chosen, as it does not compromise the statements about
the advantages of the IR reset scheme.

For simplicity and also because it has no implication on
the proposed IR reset scheme, an analog DC servo loop was
implemented using ideal components, while guidelines for
transistor-level design of the DC servo loop can be found
numerously [3], [5], [15].

B. MS-TIA: ADC design

A 16bit two-step SAR ADC has been implemented using
VerilogA models and ideal components, cf. Fig. 3, based on the
designs from [11], [12]. IR was implemented in the first stage
of the two-step SAR ADC by removing the reset switches of
the C-DAC.

Using Eq. (3) and the parameters from Tab. I, with
C;=110fF, the noise power in the MS-TIA at the output
of the integrator is calculated, resulting in an rms-noise of
Vimsint =123 pV. An ADC adding the same amount of inte-
grated inband noise, assuming a FD rail-to-rail input swing,
requires a SNRys.t1a =80 dB. A SNR of 86 dB, i.e. 1 bit more,
is chosen for the ADC, in order to not significantly influence
the total inband noise [6].

The quantization of the two-step SAR ADC is then split
into two parts: first a 7bit C-DAC based SAR ADC is used
for the coarse quantization, then a 9bit ADC is used for the
fine quantization. An inter-stage gain of 128 is chosen for
the residual amplifier (RA). Dither is added inside the fine
quantizer to achieve a SNR of 86 dB. The kT/C-noise limited
sampling capacitance of the coarse stage is C's =8.1 pF, with
a unit capacitor of 63.3fF. A merged capacitor switching
scheme is implemented for the coarse SAR ADC [16].

The two-step SAR ADC is operating at a Nyquist-rate of
15.4MS/s. Following [6], using no oversampling and 1 bit
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Fig. 3: Two-step SAR ADC and timing diagram. The conventional SAR ADC
is marked in red, the IR SAR is marked in blue.

more resolution in the ADC, leads to a x2 increase in total
input referred noise in the MS-TIA. Even though an increase
of oversampling ratio (OSR) to ~4 would make the aliased
noise negligible [6], a value of OSR =1 is nevertheless chosen,
as it does not only reduce ADC complexity, but is also the
worst-case scenario for the proposed IR reset scheme, since
for higher sampling rate (thus smaller Ts) the maximum input
change of the ADC decreases, see Eq. (5).

Using Eq. (5) and Tab. I, this results in a maximum
integrator output change between consecutive samples of only
6.2 mV. Therefore, the integrator only has to provide a fraction
of the sampling charge, when using the proposed IR SAR
ADC, compared to a conventional SAR ADC with periodically
reset sampling capacitor: a sampling capacitor being reset to
Veonmr = 0.9V and then facing a FS integrator output would
need rail-to-rail charging by about £900mV, which is about
150 times larger than the expected worst-case charging of
+6.2mV when avoiding the reset by IR switching. Moreover,
with the smaller input voltage step and a constant sampling
time, the required absolute settling accuracy can be achieved
with larger time constant, which all together translate to
relaxed sampling switch on-resistance, as well as smaller
GBW and SR of the OA within the integrator of the MS-TIA.

V. SIMULATION RESULTS

Transient simulations were performed using Spectre circuit
simulator. Fig. 4 shows the input referred noise PSD, 1) of the
MS-TIA without the influence of sampling and quantization
by choosing very high sampling frequency and no quantiza-
tion before differentiation (indicated as reference), 2) of the
MS-TIA combined with a conventional SAR ADC, 3) of the
MS-TIA combined with the proposed IR SAR ADC, and 4) of
the MS-TIA combined with the conventional SAR ADC but
with an ideal ADC input buffer. It can be seen that the three
MS-TIAs with ADC achieve approximately the same noise
performance. Compared to the reference spectrum, the input
referred noise PSD of all MS-TIAs increases by a factor of 2,
which is due to noise aliasing by sampling at Nyquist-rate, as
already derived in [6] and discussed above.
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Fig. 5: Input referred PSD (2!8-point FFT) with deep inband input sinusoidal
of the MS-TIA with different ADC topologies.

Fig. 5 shows the input referred PSD of the three MS-TIAs
with low frequency (20 kHz) input sinusoidal. The input signal
has an amplitude of 18nA, which - according to Tab. I - is
close the the maximum specified input signal. At this input
sinusoidal frequency and magnitude, the swing at the output
of the integrator is —3 dBFS. Assuming a total input referred
noise of 650 pA,y,, see Fig. 4, an ideal SNR of 26dB is
achieved. Please note that also SoA low noise and wideband
I-D-TIAs achieve similar DR, which is due to the high gain
and highpass shaped integrator OA noise [3]-[5], and it is
often the spot noise which is of interest.

Notably, the MS-TIA with IR SAR ADC achieves a more
than 3 dB higher SNDR and more than 17 dB better spurious-
free dynamic range (SFDR), compared to the MS-TIA with
conventional SAR ADC. Further, there is no significant dif-
ference in the spectrum of the MS-TIA using the proposed
IR SAR ADC compared to the MS-TIA using a conventional
SAR ADC but employing an ideal ADC input buffer.

Fig. 6 shows the total harmonic distortion (THD) versus
the input amplitude of the three different MS-TIAs. An input
sinusoidal of 20kHz was chosen. The MS-TIA with IR SAR
ADC shows up to 15 dB better THD at large input amplitudes
when compared to the MS-TIA with conventional SAR ADC.
Also, almost no difference in THD is observable between the
MS-TIA with the proposed IR SAR ADC and a MS-TIA using
a conventional SAR ADC but employing an ideal ADC input
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Fig. 6: THD versus input amplitude of the MS-TIAs with different ADC
topologies. THD saturates for small input signals due to finite noise power at
the location of the HDs.

buffer; hence, the remaining THD of the MS-TIA with IR
SAR ADC is only caused by the limited output range of the
integrator OA, and not by the sampling onto the C-DAC. Thus,
it can be concluded that the proposed IR reset scheme renders
a dedicated ADC input buffer obsolete and the integrator can
fulfill the purpose of driving the ADC sampling capacitor.

VI. CONCLUSION

A modified reset scheme was presented for C-DAC based
SAR ADCs employed in a MS-TIA, which allows to dras-
tically decrease the ADC buffer requirements. By removing
the reset phase of the C-DAC in a conventional SAR ADC,
the charge on the sampling capacitors is redistributed, such
that the original input sample is restored. Thus, the ADC
driver only has to provide the difference in charge between
consecutive samples. This is highly advantageous with the
recently proposed MS-TIAs, since the integrator output is
changing slowly with respect to the sampling rate.

By using an IR SAR ADC in a MS-TIA, compared to a
conventional SAR ADC, the SNDR is improved by 3dB,
with a more than 20dB better linearity over a wide input
range. Also, the MS-TIA with IR SAR ADC achieves the
same linearity performance compared to a MS-TIA using a
conventional SAR ADC but employing an ideal ADC input
buffer. Consequently, a power hungry rail-to-rail ADC buffer
can be omitted in a MS-TIA, when the IR reset scheme is
applied, which highly improves the power efficiency of the
MS-TIA.
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