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Abstract

In this study, transimpedance amplifier based front-end circuits which can be employed to measure small capacitances
were designed, analyzed and simulated using analog electronic circuit simulator. The front-end circuit converts the cur-
rent flowing through the measured capacitance into a modulated voltage value which contains information regarding
the desired capacitance. The frequency-domain, time-domain, stability and noise analyzes were carried out numerically
and in simulation environment using a circuit simulator. The analytical, numerical and simulation results can be used to
design optimized, precise and stable transimpedance amplifiers with low-noise value. The measured capacitance value
was 10 pF which is low enough to simulate various real-world applications. Three commercially available, off-the-shelf
operational amplifiers with different peripheral passive components were employed for computer based analysis. The
designed transimpedance amplifiers are suitable to connect with capacitance extraction circuits which use analog or

digital demodulation techniques.

Keywords Analog design - Capacitance measuring - Front-end circuits - Noise analysis - Transimpedance amplifiers

1 Introduction

Capacitive sensors are used to sense and measure many
variables like acceleration, angular velocity, pressure, elec-
tric field and fluid level [1]. Their applications can be found
in many areas such as accelerometers [2, 3], gyroscopes [4,
5], pressure sensors [6, 7], humidity sensors [8] or liquid
level measurement circuits [9]. The capacitance of a capac-
itive sensor changes according to the physical signal varia-
tion. The detection circuit produces an output signal pro-
portional to this change. Therefore, the capacitance value
and its changing must be detected accurately to ensure
better and reliable measurements. The overall measure-
ment performance can be improved with the proper
selection of circuit components [10]. This paper’s main
aim is to aid the capacitance measuring circuit parameters

selection by investigating optimum performance metrics
such as gain, stability, settling time and noise.

A capacitance measuring circuit topology mainly con-
sists of three main parts: the excitation signal, the sens-
ing part, and the readout circuit. The excitation input is
applied to stimulate the measured capacitance so that a
response output signal is produced. The excitation signal
is generally a voltage source, and its waveform can be a
sinusoid or a square wave depending upon the type of
application it is used. The second part is the sensing part
which includes the capacitance to be measured. Usually,
there is only one capacitance or two capacitances in dif-
ferential form [11]. The final part is the readout circuit
which acquires the sensed signal and conditions it by
means of analog or digital demodulation methods [12].
An example of an analog signal processing block diagram
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is shown in Fig. 1 [13]. The sensing part in Fig. 1 is in dif-
ferential capacitance form while the readout circuit uses
synchronous demodulation for capacitance extraction.
The multiplication operation in the demodulation part
can be implemented using analog multipliers or analog
switches while low-pass filtering can be realized by opera-
tional amplifiers (OPAMP) along with passive components
[14]. The output signal is a voltage that is in proportional
with the differential capacitance value.

On the other hand, Fig. 2 shows a general digital signal
processing diagram built for the purpose of capacitance
measurement. Field Programmable Gate Arrays (FPGA) [10,
15], Complex Programmable Logic Devices (CPLD) [16] or
Digital Signal Processors (DSP) [17] could serve as the sig-
nal processing platform. The aforementioned platforms
can generate the required excitation signal by digital
means. A digital-to-analog converter (DAC) converts the
digital signal to the analog stimulus signal. The low-pass
filter removes the effects of high frequency noise in the
produced excitation signal, and provides a smooth driv-
ing signal for the sensing part. Transimpedance Amplifier
(TIA) acts as the analog front-end circuit by converting the
sensed current into voltage. The output signal of the TIA is
then filtered from the noises caused by the analog front-
end circuit, and is sampled by an analog-to-digital con-
verter (ADC). The sampled signal data should be demodu-
lated using digital methods so that the capacitance value
can be acquired. Digital phase sensitive demodulation

[18-20], recursive demodulation [16, 21, 22], digital recur-
sive demodulation based on Kalman Filter [23], informa-
tion-filtering demodulation [24] are some examples of dig-
ital demodulation techniques suggested in the literature.

Both analog and digital signal processing platforms
require an analog front-end interface to obtain and pro-
cess the modulated signal. As a current-sensing topology,
TIA based analog front-end interface is the most suitable
circuit topology due to the being insensitive to the effects
of stray capacitances arising from internal geometry or
external connections. Furthermore, this TIA topology
offers high signal-to-noise ratio (SNR) [10]. Stray capaci-
tance effects are eliminated by the fact that the potential
over the stray capacitor is kept zero by the virtual ground.

The measurement circuit’s performance can be
improved by a careful design of the TIA. An optimized TIA
design should have the following features: low total noise
at the output, short settling time, increased stability, and
high voltage gain. In fact, when the literature is reviewed
[16,18,25-30], itis noticed that the TIA design parameters
are generally selected intuitively without optimizing the
features mentioned above. This paper aims to evaluate the
TIA based front-end circuit’s various performance param-
eters. With the help of the performance evaluation, the
design parameters of the TIA can be chosen properly. In
this work, it is demonstrated that a decent TIA design may
require to make trade-offs between different performance
metrics.

Fig. 1 Analog signal process-
ing block diagram
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The next section of the work introduces the TIA topol-
ogy and contains four different types of circuit analyzes.
Stability analysis, frequency-domain analysis, time-domain
analysis and noise analysis are given for the TIA, respec-
tively. In the subsequent section of the work, numerical
and simulation results are presented and discussed. Finally,
the conclusion of the study is given.

2 Materials and methods
2.1 Transimpedance amplifier topology

A typical topology of a TIA used to measure an unknown
capacitance is shown in Fig. 3. This circuit functions as a
capacitance-to-voltage convertor. The current flowing
through the unknown capacitance C, is converted to volt-
age by the feedback impedance. C;, represents the internal
input capacitance of OPAMP which is created by the differ-
ential-mode input capacitance and common-mode input
capacitance. R;is the feedback resistor while C; s the feed-
back capacitor which is connected to ensure the stability
of the output. V,, is the sinusoidal excitation input signal
andV, is the phase and amplitude modulated version of
the input signal. The output signal is modulated due to the
effects of operational amplifier’s internal parameters and
peripheral passive components. C, is the only unknown
parameter of the output voltage. Thus, its value can be
found using the known parameters of the circuit after an
analog or digital demodulation process is implemented.

2.2 Stability analysis

In order to prevent oscillations at the output voltage, the
feedback capacitor C; works as a compensation compo-
nent and ensures the stability of the system.The minimum
value of C¢ can be calculated [31] as in Eq. (1).
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Fig. 3 Transimpedance amplifier topology
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where fegyp is OPAMP’s gain-bandwidth product. Equa-
tion (1) is derived from the intersection frequency of the
open-loop gain of the OPAMP and the feedback factor. The
feedback factor is the ratio of the output signal value to its
feedback signal value at the inverting input of the OPAMP.
Selection of a larger valued feedback capacitor seems rea-
sonable to keep the circuit stable. However, larger valued
feedback capacitor narrows the available bandwidth and
increases the settling time.

2.3 Frequency-domain analysis

The ratio of the output voltage to the input voltage for
the TIA given in Fig. 3 can be expressed in the frequency-
domain asin Eq. (2).

~jooC, Ry ~jooC, Ry

1+A%+jw<CfRf+%+c'"Rf ﬂ) 1+ jols Ry
)

AG T AD T AD

where A, is the open-loop gain of the OPAMP and w is
the natural frequency of the input signal. Actually, A, is a
frequency-dependent parameter and its value decreases
with increasing frequency. The value of open-loop gain
at the operating frequency of the TIA is much larger than
that of the quantities it is compared with. Therefore, the
transfer function can be approximated as given in Eq. (2).
Further simplification is possible as in Eq. (3) if the condi-
tion w?RZ2C? > 1is met.

G(jw) =

Gjo) = —= 3)

Equation (3) implies that the output voltage does not
depend on the operating frequency and it has a fixed 180°
phase shift with the input [30]. Also, the output amplitude
is directly proportional with the measured capacitance C,.

2.4 Time domain analysis

Time-domain or transient analysis of a TIA is required to
evaluate the circuit’s dynamic behavior. When a unit-step
signal is applied to the input, the output voltage in Eq. (2)
can be expressed as in Eq. (4) assuming the capacitors are
fully discharged initially.

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:280 | https://doi.org/10.1007/542452-020-2104-x

Taking the inverse Laplace transform of both sides in
Eq. (4), time-domain equation for the unit-step response
can be written as in Eq. (5).

C -+
Vou() = ——e %< (5)
G

The output voltage given in Eq. (5) is initially equal to
(—C,/C¢) and goes to zero volts. The settling time of this cir-
cuit is defined as the duration until the steady-state error
falls below 19%. Thus, the settling time equals to 4.6RC;
where RC; forms the time constant. The settling time of
the circuit must be adjusted carefully for better dynamic
behavior.

2.5 Noise analysis

There are multiple noise sources originating from OPAMP’s
internal operations such as inverting and non-inverting
input current noises and input voltage noise. There is
another noise source called thermal noise emerging from
the feedback resistor R¢ [32]. The noise sources are inde-
pendent from each other so that they can be added using
root sum of squares (RSS). OPAMP’s noise data should be
acquired from its datasheet. The noise sources are gener-
ally defined as spectral densities that their units are usu-
ally given in nV/YHz or pA/vHz. In order to find the root-
mean-square (RMS) value of the noise at the output, the

G
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Fig.4 Transimpedance noise model

spectral density must be integrated over the equivalent
noise bandwidth. The TIA’'s noise model including all noise
sources is depicted in Fig. 4.

The noise model in Fig. 4 illustrates four uncorrelated
noise sources. The OPAMP’s internal noises i,;, i,, and V,,
represent inverting input current noise, non-inverting
input current noise and input voltage noise spectral den-
sities, respectively. These noise sources are made up of 1/f
noise where the noise spectral density is inversely propor-
tional to frequency and the white noise where the spectral
density is constant [33]. Vy is the thermal noise spectral
density generated by the feedback resistance due to the
motion of the electrons and can be expressed as in Eq. (6).

Vi = \4KTR; (6)

where k is the Boltzmann’s constant (1.38 x 10723 J/K),
T is the temperature (°’K) and R; is the value of the feed-
back resistance (Ohms). In order to find the total output
referred noise, Table 1 lists the summary of noise sources,
their spectral densities, noise gains and noise bandwidths.

The feedback resistor’s noise spectral density is given in
Eg. (6) and its noise gain is equal to unity. The noise band-
width of R can be defined as the multiplication of the brick
wall factor (K,) and the transconductance bandwidth. The
noise bandwidth of R¢is the intersection frequency of the
OPAMP’s open-loop gain curve with the noise gain. Also,
the noise gain of the inverting input current noise is the
gain seen at the inverting input of the OPAMP. Its noise
bandwidth is constrained by the TIA’s transconductance
bandwidth and the brick wall factor. On the other hand,
the noise contribution of i, to the output is negligible. The
non-inverting input current flows to the ground without
creating any potential at the output. To sum up, any noise
source’s contribution to the output can be found by the
generic formula given in Eq. (7).

Vinoisen,s = (SpeCtral Density) = (Noise Gain) = V Noise Bandwidth
(7)

Table 1 Noise sources,
noise gains and equivalent
noise bandwidths for

transimpedance amplifier

Noise source Noise source’s Noise gain Noise bandwidth
spectral density

i K,
Feedback resistor (Ry) Vi = \/4kTR; 1 ZIIR:Q
OPAMP’s input voltage noise Vv T45Ry (G +Cin+C0 cf

P J n 4R, C; Knfeswe CFrC 4G,
OPAMP’s inverting input current noise iy Ry Ky
T+sR G 27R,C;

OPAMP’s non-inverting input current noise ina No gain -
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3 Results and discussion
3.1 Component selection

First of all, the unknown capacitance C, was chosen as
10 pF which makes this TIA useful for many applications
such as measurement of liquid-level, pressure meters or
accelerometers [34]. The input capacitance value depends
on the OPAMP used for the design. Minimum value of
compensation capacitor can be selected using the Eq. (1).
The low-noise OPAMP AD8066 from Analog Devices was
employed for the stability, frequency-domain and time-
domain simulations. However, the noise simulations were
carried out for three different types of OPAMPs. Linear
Technology’s LTC6268 and Texas Instrument’s OPA380
were also simulated to evaluate the noise performances

Rf

220k

Cf values: OpF 0.43pF 1pF 9.1pF

Fig.5 TIA simulation in LTSPICE

of different OPAMPs. A free Simulation Program with Inte-
grated Circuit Emphasis (SPICE) software called LTSPICE
was used to perform all simulations.

3.2 Stability analysis simulations

The TIA circuit is depicted in LTSPICE environment as in
Fig. 5. The simulations were carried out for a fixed value of
220 kQ feedback resistance and various values of feedback
capacitance.

Minimum value of the feedback capacitor is calculated
0.43 pF to keep the system stable. Four different values of
feedback capacitance were selected to evaluate the effect
of the value of C; on the stability. Figure 6 shows AD8066's
open loop gain and the feedback factors of various feed-
back capacitors. When the feedback capacitor is not con-
nected, the rate-of-closure (ROC) between the open-loop
gain curve and the feedback factor curve is equal to 40 dB/
decade.The ROC can be defined as the absolute difference
of slopes between the two curves. A stable system should
have a ROC equal to or less than 20 dB/decade. When C;
is selected as 0.43 pF, the ROC is equal to 20 dB/decade
which implies that the system is optimally stable. Selection
of a larger valued feedback capacitor makes the system
more stable by reducing the ROC as shown in Fig. 6.

3.3 Frequency-domain analysis simulations

The frequency-domain analysis was performed using
previous circuit values. Figure 7 indicates the AC Analysis
results for various C; values. This simulation results show
that lower C; provides larger voltage gain as expected from
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Fig. 6 Stability analysis of TIA for different C; values

EREERLL T
10KHz

Frequency

T T T —TTTTT
100KHz 1MHz 10MHz 100MHz

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:280 | https://doi.org/10.1007/542452-020-2104-x

70dB

60dB—
50dB-
40dB-
30dB-|
20dB-
10dB—

0dB-

Gain(dB)

-10dB-|
20dB- L
-30dB- ¢
-40dB-
SOdB--ir ]

Cf=0pF

Cf=0:43pF

Cf=1pF

Cf=9.1pF

-60dB-——
100Hz

L T BB | T

1KHz

LIRS o S i | T

10KHz

T T T T T

100KHz

L o o v ) | T

1MHz

L B = | T

10MHz

T T Tt

100MHz

Frequency

Fig.7 Frequency-domain analysis of TIA for different C; values

Eg. (2). At 1 MHz operating frequency, the voltage gain is
26.05 dB for C;=0pF while it is 0.8 dB for C,=9.1pF. How-
ever, as previously stated, low feedback capacitor values
may cause instability. For example, even a small change in
the frequency of the input signal may cause a significant
change in the voltage gain for low C; values.

3.4 Time domain analysis simulations
In order to analyze the circuit in time-domain, a unit-step

input signal was applied at 1 ps. The response of the cir-
cuit for different C; values is observed for 5 ps as shown

V(n002)

in Fig. 8. If there is no feedback capacitor is connected,
the output voltage oscillates. If C;=0.43 pF is the feedback
capacitor, the system is optimally stable. There occurs an
overshoot and small ringing at the output. It can also be
observed that higher C; values cause fewer oscillations at
the cost of increasing the settling time.

All simulations were performed again for Re=1 MQ
and R¢=2.2 MQ without changing the feedback capacitor
values. Table 2 shows the stability condition, the settling
time, and the voltage gain at 1 MHz operation frequency
for three different feedback resistance values. The stability
condition can be met with lower feedback capacitances if
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Fig. 8 Time domain analysis of TIA for different C; values
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Table2 Summary of stability, time domain and frequency domain analyzes for TIA

Ri=220 kQ Ri=1MQ Ri=2.2 MQ
C¢(pF) Voltage gain  Stability con-  Settling Voltage gain  Stability con-  Settling Voltage gain  Stability con-  Settling time

(dB) dition time (dB) dition time (dB) dition (ps)

(ps) (us)
0 26.05 Unstable - 43.58 Unstable - 36.30 Unstable -
0.43 23.57 Optimally 0.04 27.20 Stable 1.97 26.79 Stable 4.35
stable

1 19.01 Stable 0.10 19.97 Stable 46 19.89 Stable 10.12
9.1 0.81 Stable 0.92 0.82 Stable 41.8 0.81 Stable 92.09

higher feedback resistances are employed in the TIA. How-
ever, the settling time worsens as the feedback resistance
or capacitance value increase. If the circuit is stable, the
voltage gain does not change too much with R The gain
can be increased by lowering the C; value without driving
the system into instability.

3.5 Noise analysis simulations

A MATLAB script was written to calculate the total output
noise in RMS using noise related parameters. It is clear that
increase in V, and i, result in higher noise voltage at the
output. Moreover, using an OPAMP with higher gain-band-
width product raises the total noise because the equiva-
lent noise bandwidth gets larger as suggested in Table 1.
A change in the value of feedback resistance does not pro-
duce a change in the total output noise because the feed-
back resistance sets the transconductance bandwidth of
the circuit. The OPAMP with low input capacitance should
be preferred in the design to lower the total output noise.

Three different off-the-shelf OPAMPs were used to
evaluate the noise performance of the TIA circuit. AD8066,
LTC6268 and OPA380 are from different semiconductor
manufacturers and they have different noise character-
istics. Those OPAMPs are selected for their following fea-
tures in common: low input voltage and low input current
noise spectral densities and low input capacitance. Table 3
summarizes the noise related parameters for the selected
OPAMPs.

Numerical analysis was carried out in the developed
MATLAB script by using the equations given in Table 1
and using the noise related parameters given in Table 3.
Simulation results were obtained using LTSPICE’s noise
analysis feature. Table 4 shows both numerical and simu-
lation results of the total noise at the output in RMS for
Re=220 kQ/C;=1pF and R;=220 kQ/C;=9.1 pF. Numeri-
cal and simulation results well agree with each other. The
lowest noise was found in the simulation of OPA380. An
increase in the value of the feedback capacitance caused

Table 3 Noise related parameters for AD8066 [35], OPA380 [36] and
LTC6268 [37]

Noise related parameter AD8066 OPA380 LTC6268
V, (nV/+ /Hz) 7 5.8 43

iy (FA/A /Hz) 0.6 10 5.5
fepwp (MH2Z) 65 90 500

Ci, (pF) 6.6 1.1 0.55

a decrease in the total output noise due to the reduction
in the equivalent noise bandwidth.

4 Conclusion

In this study, a TIA-based front-end circuit for the meas-
urement of 10 pF capacitance was analyzed numerically
and in simulation environment. Four different analysis
methods were performed to evaluate the performance
of the front-end circuit. The results of the stability analy-
sis, the time-domain analysis, and the frequency-domain
analysis are tabulated in Table 2 for different R and C;
values. The numerical and simulation results of the total
noise output are summarized in Table 4 for three differ-
ent commercial OPAMPs. The feedback capacitor’s role in
the circuit is found to keep the system stable. Neverthe-
less, the addition of feedback capacitor may decrease
the voltage gain and raise the settling time. If a larger
voltage gain is required, the value of feedback resist-
ance can be increased. As a conclusion, there are certain
trade-offs between the design parameters and operation
performance metrics. The circuit designer should adjust
the parameters carefully so that the TIA with desired per-
formance criteria is achieved. The circuit performance
requirements mainly depend on application in which
TIA is used.
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Table 4 The total noise output voltages for AD8066, OPA380 and LTC6268

OPAMP Total noise voltage (uV) Total noise voltage (uV) Total noise voltage(uV) Total noise voltage(pV)
Numerical results R;=220 kQ)/  Simulation results R;=220 kQ/ Numerical results R;=220 kQ)/  Simulation results
C=1pF C=1pF C=9.1pF R¢=220 kQ/C;=9.1 pF

AD8066 303.6 289.9 120.8 114.1

OPA380 259.7 240.5 107.8 99.6

LTC6268 4245 418.8 180.9 1714
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