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Summary

In this paper, we propose the idea of using transimpedance amplifiers, in lieu

of operational amplifiers (OAs) or transconductance amplifiers (OTAs) to

design capacitively coupled AC amplifiers. The idea is demonstrated with a

current feedback operational amplifier (CFOA) as an active element, which is

actually an architecture consisting of voltage buffers and current copiers (mir-

rors). This last characteristic is further exploited to make the corner frequency

of the AC amplifier tunable by means of bootstrapping low-valued resistors

with the output buffer. It is particularly suited to achieve very-low corner fre-

quencies as needed in applications such as bio- or seismic signals. The idea is

demonstrated with simulations and experimental results with a discrete

implementation.
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1 | INTRODUCTION

There are a number of sensors and transducers that provide a signal that contains DC, or very-low-frequency signals
(i.e., baseline). Such low-frequency levels need to be removed to properly amplify the usable signal, thus requiring an
AC amplifier, which basically exhibits a high-pass response with a zero at the origin and a pole at very low frequencies.1

A classical solution is the so-called capacitive coupled AC amplifier,2 whose basic structure is shown in Figure 1. The
active element is a high-gain device, typically an operational amplifier (OA) or an operational transconductance ampli-
fier, depending on the load at the output.

However, for signals with spectra in the range of few hertz, corner frequencies are so low that require time con-
stants difficult to achieve with passive components of reasonable values. This is for instance the case of applications
such as bio- or mechanical signals (seismology, structural health monitoring).3 The problem aggravates for integrated
implementations where particularly high-valued capacitors are not feasible, and high-valued resistors are not always
available. To circumvent the problem, there are a number of solutions proposed in the literature at both architectural
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and circuit design levels. In most cases, active schemes are suggested that make use of amplification or bootstrapping
mechanisms to increase by orders of magnitude the equivalent time constants of the circuit.

In this paper, we propose an alternative approach that makes use of transimpedance amplifiers as naturally suited
to achieve large time constants with the conventional capacitive coupled AC amplifiers. The idea is exemplified and
demonstrated with a commercial current feedback operational amplifier (CFOA), which is nothing but a particular
implementation of a transimpedance amplifier. The scheme can be obviously implemented by different practical
embodiments in both discrete and integrated forms.

Thus, the novelty of the paper consists of using transimpedance amplifiers and in particular the use of CFOAs.
Actually, it is interesting to note that even though for most classical operational amplifier (OA) circuits a CFOA-based
alternative has been proposed in the literature, this is, to the best of our knowledge, the first time a CFOA-based capaci-
tive coupled AC amplifier is proposed. In fact, even the design of a Miller integrator has been questioned though dem-
onstrated to work properly.4 This is probably due to the misbelief that CFOAs cannot operate with capacitive feedback5

or, as we will see, that the most remarkable advantage of CFOAs (gain-independent bandwidth) does not happen with
this kind of feedback arrangement (but it is not needed).

In this paper, we also set the theoretical basis for the analysis and design of capacitively coupled AC amplifiers with
CFOAs and by extension with transimpedance amplifiers. A comparison with their counterparts with other kinds of
active devices would depend on the technology used, being out of the scope of this paper.

2 | PROPOSED CIRCUIT

The basic structure of a capacitively coupled AC amplifier is shown in Figure 1. Its transfer function, gain, and corner
frequency are in the case of an infinite gain amplifier given by

Vout

V in
¼� C1Rf s

1þC2Rf s
G¼�C1

C2
ωc ¼ 1

Rf C2
ð1Þ

where G is the DC gain and ωc is the corner (high-pass) frequency. The block shadowed in Figure 1 can also be seen as
a transimpedance amplifier, formed by the high-gain amplifier and feedback resistor, and the capacitive feedback
divider formed by C1 and C2. Feedback resistor needs to be high enough to achieve a low corner frequency and is any-
way needed to provide the bias current at the negative OA input. Alternatively, transimpedance can be readily provided
by a CFOA, as shown in Figure 2A, where we exploit the fact that its transresistance is very high.

If we assume the model for a CFOA shown in Figure 2B, leaving apart for the moment the impedance of the output
buffer Ro, circuit transfer function can be expressed as

Vout

V in
¼�C1

C2
� 1

1þ Rx
ZT

1þ C1
C2

� �
þ 1

ZTC2s

ð2Þ

where ZT , that is, is the (grounded) transimpedance at gain node (also called compensation node), which is basically
the parallel of a high-resistance RT and a capacitance CT . The resistance, high but with wide tolerances, provides high

Rf

Vout
C1

Vin

C2

FIGURE 1 Capacitively coupled AC amplifier with a high gain voltage amplifier.
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transimpedance in the same way an OA provides a non-precise, very-high voltage gain. Feedback operation makes that
for a finite output voltage, input current (and also current at gain node) is negligible mimicking the operation of a con-
ventional OA, where input currents are negligible but due to the high impedance. Capacitance CT is introduced to set
the system bandwidth in combination with the feedback resistance, connecting the CFOA output and its negative (x)
input. In this way, bandwidth can be made independent of gain by fixing feedback resistor. However, as we will see,
this is not the case for a capacitively coupled AC amplifier.

Approximating Expression (2) for low frequencies, where the effect of capacitance CT can be neglected, the high-
pass corner frequency, ωch, can be calculated as

ωch ¼ 1
RTC2

� 1

1þ Rx
RT

1þ C1
C2

� � ð3Þ

Since Rx �RT , corner frequency is basically determined by the product RTC2. This does not come as a surprise since
RT is the transimpedance of the CFOA, in the same way that Rf is the transimpedance of circuit in Figure 1A that
results in Expression (1). As we explained before, this value, in the range of MΩ, is subjected to wide tolerances in a
conventional CFOA, since it depends on current mirror output impedance and buffer input impedance at compensation
node. Transresistance RT , apart from fabrication tolerances, is also dependent on biasing voltages and temperatures. If
we consider the case of the commercial CFOA model AD 844 (which will be used later in our simulations and measure-
ments), its transresistance may vary from 1.4 to 4 MΩ (for the extreme conditions in supply voltage and temperature).
In consequence, the corner frequency would vary in a range 1:3, if no bootstrapping were used. Maximum trans-
resistance, that is, minimum corner frequency, results for high temperature and biasing voltages. Therefore, to achieve
a controllable corner frequency, a tuning mechanism should be provided, as we explain below.

A way to do this is by means of the so-called bootstrapping6 that has been used in the past in different ways. Gener-
ally speaking, the technique refers to a partial positive feedback that forces two nodes to have very close voltages and/or
reduce the current between them. It has been used in AC amplifiers with OAs and OTAs2,7,8 and also with current con-
veyors.9 Here, we make use of the CFOA output buffer and a resistive T-network to set the high resistance at compensa-
tion node. The technique was originally proposed in Note et al.10 as a mechanism to simulate a high resistance and to
assure a proper bias current for a buffer when this is disconnected from the input. More recently a similar embodiment
has been used to boost the input impedance of an amplifier for dry ECG electrodes.11 This is schematically shown in
Figure 3. Input impedance at the output buffer, not counting RT , can be calculated as

FIGURE 2 (A) AC coupled amplifier with transimpedance amplifier; (B) current feedback operational amplifier (CFOA) model.

BELOSO-LEGARRA ET AL. 3
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RB ¼R1 1þR2

R1
þR2

R3

� �
ð4Þ

which can be made arbitrarily high by playing with resistor ratios. Therefore, transimpedance, which is the parallel
effect of RB and RT , can be made controllable and tunable.

We should remark at this point that a transimpedance amplifier, as proposed for this application, can be
implemented by making use of only voltage buffers and current copiers as active elements, which are the basic building
blocks of a conventional architecture of a CFOA. Depending on the application, the designed AC amplifier can be opti-
mized by only resorting to the design of voltage or current copiers. In particular, the design can be focused to achieve a
high resistance RT since this value sets the limit for the minimum achievable corner frequency.

Though CFOAs were initially proposed to work in conditions similar to OAs with two input terminals and a single
output,12,13 the availability of the compensation node adds flexibility to the topology, allowing alternative and novel
applications.14–17 Our application is one such. Unfortunately, the number of commercial CFOA devices that have the
compensation node externally available is scarce, the model AD844 being a remarkable exception.18

If we analyze now the behavior at high frequencies of the AC amplifier, then the low-pass frequency ωcl can be cal-
culated from Expression (2) as

ωcl ¼ 1
RxCT

�
1þCT

C2

� �
1þ C1

C2

� � ð5Þ

In a first interpretation, we could conclude that bandwidth is very high, since Rx and CT are very low. This value
reduces however proportionally to circuit gain C1=C2. This result contradicts the main rationale behind the use of
CFOA, where constant bandwidth versus gain is pursued. In our application what is however relevant is the high-
transresistance offered by the CFOA since we are designing an application intended for low-frequency signals, and
bandwidth will have to be reduced anyway. We will come back to this issue in the next section, since high-frequency
behavior strongly depends on output impedance at the output buffer, R0.

3 | SECOND-ORDER ANALYSIS

The analysis presented in the previous section has allowed to show the main features of the proposed circuit in terms of
low-frequency behavior and tunability. However, high-frequency behavior requires a finer analysis by considering the
effect of output impedance R0; see Figure 2B. In what follows, we will assume that R0 accounts also for the effect of the
T network (which reduces the buffer output impedance), and that in the same way RT includes the effect of both CFOA
transresistance at compensation node and RB:

According to the complete model in Figure 2B, transfer function can be calculated as

Rx RTIin Iin

Ro
Z

R1

R2

R3

BOOTSTRAPPING
RESISTIVE
T-NETWORK

RB

CT

FIGURE 3 Bootstrapping of the output buffer with a resistive T-network.
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Vout

V in
¼ �C1RTsþC1C2RxR0s2þC1C2CTRxR0RTs3

1þ C1Rx þC2 Rx þR0þRTð ÞþCTRTð Þsþ C1C2RxR0þCTRT C1Rx þC2 Rx þR0ð Þð Þð Þs2þC1C2CTRxR0RTs3
ð6Þ

In a first step, denominator can be simplified by just considering that RT � Ro,Rxð Þ and CT � C1,C2ð Þ yielding the
following approximation:

Vout

V in
≈ � C1RTs�C1C2RxR0s2�C1C2CTRxR0RTs3

1þC2RTsþCTRT C1RxþC2 Rx þR0ð Þð Þs2þC1C2CTRxR0RTs3
ð7Þ

The above expression can be factorized to identify the low- and high-frequency responses as follows:

Vout

V in
≈ � C1RTs

1þC2RTs
� 1�C2

RxR0
RT

s�C2CTRxR0s2

1þ CTRT C1RxþC2 RxþR0ð Þð Þ
1þC2RTs

s2þC1C2CTRxR0RT
1þC2RTs

s3
ð8Þ

The left factor corresponds to the low-frequency response where gain �C1=C2 and high-pass corner frequency
1= RTC2ð Þ are easily identified. Right factor can be further simplified taking into account that jC2RTsj� 1, leading to a
more manageable expression:

Vout

V in
≈ � C1RTs

1þC2RTs
� 1�C2

RxR0
RT

s�C2CTRxR0s2

1þ CT
C1
C2
RxþCT RxþR0ð Þ

� �
sþC1CTRxR0s2

ð9Þ

Numerator contains two high-frequency zeroes that can be calculated as

z1,2 ¼� 1
2CTRT

∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

2R0
2 Rx

2

RT
2þ4CT

C2

Rx
R0

� �r
2C2CTRxR0

ð10Þ

If Rx
2=RT

2ð Þ� CT=C2ð Þ, which is the case in practical situations, above expression becomes

z1,2 ≈ � 1
2CTRT

∓
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2CTRxR0
p ð11Þ

That is to say, two real zeroes, one on each side of the s-plane with very close values, are given by

z1,2 ≈ ∓
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2CTRxR0
p ð12Þ

Regarding the poles, if we consider that circuit gain C1=C2 is high, the first-order term in denominator can be
approximated by CTC1ð Þ= C2Rxð Þ. Then, we obtain two poles of the form:

p1,2 ≈ � 1
2C2Ro

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�4

C2
2

CTC1

Ro

Rx

� �s !
ð13Þ

For a given gain, these two poles depend mainly on C2. As it increases, not only the pole values reduce, and thus
bandwidth, but they may become complex conjugate, bringing along the corresponding peaking in the frequency
response and eventually instability. Note that this result differs greatly from the bandwidth estimation given by the
first-order approximation in Expression (5). To make both poles real and avoid the aforementioned peaking, capacitor
CT can be used to compensate and control the damping factor. Once fixed C1 and C2 as design variables, and since Rx

and Ro depend on CFOA characteristics, the following condition should be satisfied:

BELOSO-LEGARRA ET AL. 5
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1�4
C2

2

CTC1

Ro

Rx
≥ 0 ð14Þ

which leads to a minimum compensation capacitor of

CT ≥ 4
C2

2

C1

Ro

Rx
ð15Þ

The condition is easy to be fulfilled for high gains but may become critical for low gains that would require unac-
ceptable high CT . Moreover, for high CT values, the closed-loop gain may decrease, according to (2). This is especially
critical for very large compensation values in the order of C1 and C2. If condition given by (15) is not fulfilled, it does
not mean however that the circuit will become unstable. This will be analyzed in more detail in the next paragraphs.

Under these conditions, that is, high-frequency response dominated by CT , Expression (5) can be considered a good
approximation, and we have a kind of a constant “gain-bandwidth product.” From Expression (2), we can also approxi-
mate the mid-band gain, which results in the following expression:

G¼�C1

C2
� 1

1þ CT
C2

� � ð16Þ

This means that the compensation with CT brings along the undesirable effect of reducing gain, which can be
noticeable when CT is in the order of C2. A simpler alternative consists of adding a resistor Rin in series with C1, setting
a pole at 1= RinC1ð Þ.

In order to check to which extent the approximations for poles and zeroes are correct, we have carried out a numer-
ical analysis of the transfer function and the approximated expressions for poles and zeroes. Figure 4 compares a plot of
the transfer function in Expression (6) with the transfer function that would result of the combination of poles and
zeroes in Expressions (3), (5), (11), and (13). Both curves are indistinguishable, demonstrating the validity of pole and
zero estimations. The values used for the passive components are those in Table 1, which will be the same for measure-
ments. In the case of CT , it comprises the internal CFOA capacitance of 4.5 pF, as well as the breadboard parasitic
capacitance, which is approximately 15.5 pF and an externally connected capacitance of 10 pF. In this way, the condi-
tion given by Equation (15) is easily met. We note that the internal parameters of the CFOA correspond to those
extracted from the datasheet of the AD844 CFOA, which will be used for the experimental measurements.

The model considered so far, given by Equation (5), and its simplified approximation, given by the poles and zeroes
calculated, do not take into account other effects such as frequency dependence of output impedances, or additional
poles in the CFOA response. Therefore, we have compared our model with a more precise macromodel made available
by the manufacturer. To this end, we have included in Figure 4 the frequency response simulated by spice under the
same conditions. Figure 4A corresponds to the low-frequency response where the three curves are indistinguishable. In
Figure 4B, we show that the high-frequency response is also the same for the complete and simplified model, where the
simulation only differs significantly at frequencies close to the CFOA bandwidth.

If we fit the simulated frequency response to a third-order model, the relative differences of the poles and zeroes
estimated with respect to those calculated by Equations (3) and (13) are 1.2% for the low-frequency pole (corner fre-
quency) and 6% and 14% for the high-frequency poles located at 1.13 and 11.06 MHz. The conclusion is that the simpli-
fied model represents a good balance between accuracy and simplicity in the equations to allow an easy design.

We have also verified that a fit to a fourth-order model from the simulated response gives more accurate results, but
this is achieved at the expense of losing the connection between circuit parameters and poles and zeroes
(or characteristic frequencies).

To have a finer grasp of the stability conditions given by Equation (15), we can calculate and estimate the phase
margin of the circuit. First of all, manipulating transfer function given by Equation (6) with the method proposed in
Ochoa,19 we obtain the following loop-gain (LG) transfer function:

LG¼� sC2

1þCTRTs

� �
1

1þ C1þC2ð ÞRxs

� �
1

1þC2Ros

� �
RT �C2RxRo 1þCTRTsð Þsð Þ ð17Þ

6 BELOSO-LEGARRA ET AL.
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To develop the phase margin expression, Equation (17) is simplified by considering only the mid-band frequency
range that contains the two high-frequency poles of (13) and constants. The resulting expression is

FIGURE 4 Comparison of transfer functions. (A) Low- and (B) high-frequency response. [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Design variables.

Parameter Value

C1 10 nF j33 nFj100 nF

C2 1 nF

CT 30 pF

R1 10 kΩ

R2 10 kΩ

R3 10 Ω j100 Ωj1 kΩj10 kΩ
RT 3 MΩ

Rx 50 Ω

Ro 15 Ω

BELOSO-LEGARRA ET AL. 7
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LG≈ � C2

CT
� 1

1þ C1þC2ð ÞRxs

� �
1

1þC2Ros

� �
¼�A

1
1þ s=ωp1

� �
1

1þ s=ωp2

� �
ð18Þ

where A¼C2=CT , ωp1 ¼ 1= C1þC2ð ÞRx , and ωp2 ¼ 1=C2Ro with ωp1 <ωp2. The distance between both poles is a measure
of the stability, and it is obviously higher for higher gains. If these two poles are well separated, we can use the phase
margin expression20 PM¼ 90� � tg�1 Aωp1=ωp2

� �
, which results in the following expression:

PM¼ 90� � tg�1 C2
2

CT C1þC2ð Þ
Ro

Rx

� �
ð19Þ

which, for a given gain, C2, and a desired PM, leads to a minimum value for the compensation capacitor of

CT ¼ 1
tg 90� �PMð Þ

C2
2

C1þC2ð Þ
Ro

Rx
ð20Þ

Notice the similarity of the above expression to Equation (15) with the addition of the phase margin as a design vari-
able. From the comparison, we can make some numerical basic estimations to see that the condition for real poles (exp
(15)) at a gain of 40 dB corresponds to a phase margin of 75�. For a gain of 20 dB, the gain margin would be 65�, but
requiring of course a larger compensation capacitor.

The complete loop gain transfer function is plotted in Figure 5 for the parameters in Table 1 (R3 = 10Ω) and several
gains. The resulting phase margins are 54.7�, 76.0�, and 86.3� for gains of 20, 30, and 40 dB, respectively. Using
Equation (19), the phase margins are 47.7�, 73.6�, and 84.3� for the same gains. All these analyses show that
Equation (19) is a good approximation to estimate phase margin.

According to the analysis carried out so far, we deem interesting to summarize the steps that should be taken to
design an AC amplifier with a CFOA:

1. Determine the desired minimum corner frequency ωch ! calculate C2 ¼ 1= RT �ωchð Þ with RT being the CFOA
transimpedance.

2. Determine the desired gain G! calculate C1 ¼G �C2.
3. Set, if needed, a compensation capacitor CT according to Equation (15). If the resulting value is higher than capaci-

tance at gain node of the CFOA, this is not required.
4. If CT is too high, say, C2=CT < 100, ! recalculate C1 using Expression (16).
5. In case ωch needs to be increased !,

FIGURE 5 Magnitude and phase response of the loop gain. [Colour figure can be viewed at wileyonlinelibrary.com]
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a. Go to step (1) and increase C2, or
b. Introduce RT by bootstrapping so that C2 ¼ 1= RT kRBð Þ �ωchð Þ where RB is given by Equation (4).

Option b. gives a better (lower) sensitivity of the corner frequency with respect to process, bias, and temperature
variations.

We recall that step (3) gives a safety margin for stability, since it assures real high-frequency poles. A lower capaci-
tance will also result in a stable circuit, but exhibiting peaking in the frequency response and a longer transient. Alter-
natively, Expression (20) can be used to set CT with a prescribed phase margin.

4 | EXPERIMENTAL ANALYSIS

The experimental results shown below have been obtained by making use of the AD844, which is the commercial
CFOA that provides access to the gain node. Its most relevant parameters are included in Table 1. They correspond to
biasing voltages of ±15 V. These are typical characteristics, which have wide deviations depending on temperature and
biasing voltages, particularly for transimpedance and output impedance, as we explained in a previous section. At the
end of the section, we will show some experimental results with different biasing voltages.

The experimental setup is shown in Figure 6. It simply consists of an Arbitrary Wave Generator Agilent 33522A,
which is parametrized to generate sinusoidal sweeps in the desired frequency ranges. Given the low frequencies to be
measured, sweep duration can be up to tenths of seconds. The circuit under test is excited with such signal and both
input and output are acquired by a Tektronix MSO44 Scope in Spectrum View © mode, which allows for the calculation
of input and output spectra, and thus frequency response.

We will first show the behavior at low frequencies for different gain and corner frequency values. This is shown in
Figure 7. Starting from the minimum achievable frequency, which is set by the product RTC2, it can be increased by the
above bootstrapping mechanism described previously. In the measurements, C1 is varied to obtain different gains
(20, 30, and 40 dB), C2 is fixed to 1 nF and resistors used in the T-network are those shown in Table 1. The equivalent
RT values are (including the 3MΩ internal CFOA transresistance) 1.7, 890, 120, and 30 kΩ for R3 equal to 10Ω, 100Ω,
1 kΩ and 10 kΩ, respectively.

Experimental values for the corner frequencies agree well with those theoretically predicted though in the case of
the lower frequencies they become less predictable since they are mainly determined by the transresistance at
compensation node.

As we mentioned earlier in the paper, the transresistance limits both closed-loop accuracy as well as the minimum
high-pass cut-off frequency. Since it depends on the output resistance of the input current-conveyor, which in turn
depends on the output transistor resistances that are non-linear devices, it varies with both supply voltage and tempera-
ture. In Figure 8, we show the effect of the high-pass cut-off frequency for C1 ¼ 100 nF, C2 ¼ 1 nF, and R3 ¼ 10Ω under
several supply voltage variations (±5, ±10, and ±15V). Such variations drastically reduce as the bootstrapping resis-
tance, RB, given by Equation (4), diminishes, making corner frequency less dependent on the device transimpedance.

Vout

C1
C2

R1

R2

R3
CT

Vin

Agilent
33522A

Tektronix
MSO44

FIGURE 6 Experimental setup.
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FIGURE 7 Low-frequency behavior for different gains and bootstrapping values. [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 8 Corner frequency variations depending on biasing voltages. [Colour figure can be viewed at wileyonlinelibrary.com]
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Regarding high-frequency behavior, the circuit has been measured for the same gains. Passive components have
been chosen so that, according to Expression (13), peaking is evident for low gains and is diminished for higher ones,
where phase margin is improved accordingly. An external capacitor of 10 pF has been added to the compensation node
to render an equivalent capacitance of 30 pF and avoid instability. Measurements in Figure 9, for a fixed R3 of 10Ω,
show a peaking around 10 dB for a gain of 20 dB, almost vanishing for 40 dB. High-frequency zeroes do not show up in
the measurement range, since they are theoretically located at approximately 33.5MHz.

To see how compensation capacitance CT at gain node affects the response, we have artificially increased its value
up to 1 nF. Results for several values are shown in Figure 10 where gain is 40 dB and R3 is 10Ω. As predicted in Expres-
sion (5), a dominant pole with a 20 dB/decade roll-off shows up at around 1=RxCT . From measurements, and assuming
this approximation is correct, Rx can be estimated in 70Ω, which is slightly higher than the nominal value given in the
datasheet. Measured frequency response also shows a mid-band gain reduction that can be explained by Expression
(16). If C2 is constant, such reduction does not depend on gain. Another observable effect is the presence of a zero com-
pensating the pole, which can be explained by the movement of the high-frequency zero due to the increase in CT ,
according to Expression (11).

In Figure 11, we can see the effect of introducing a resistor Rin in series with C1 to reduce bandwidth and eventually
improve stability. The result is similar to compensating with CT but without the negative effect of gain reduction at mid
frequencies. The effect of the zero is not present in this case.

Finally, we have compared the performance of a capacitively coupled AC amplifier implemented by an OA and a
CFOA. Considering that the CFOA model AD844 exhibits a bandwidth between 30 and 60 MHz depending on the feed-
back conditions, to make a fair comparison we have selected the OA AD826 that shares the same bipolar technology
and a similar frequency range in order. The feedback resistor Rf in the OA-based AC amplifier, shown in Figure 1, is
adjusted to the same value as the equivalent resistance of the T-network used for bootstrapping, RB in the CFOA based
that shown in Figure 6. The feedback capacitors are obviously the same. Under these conditions, both gain and corner
(high-pass) frequency of the two amplifiers should be the same.

FIGURE 9 High-frequency behavior for different gains. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Effect of CT in the high-frequency behavior. [Colour figure can be viewed at wileyonlinelibrary.com]
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The analysis of the OA-based topology can be found elsewhere, and it is evident that what differentiates it with
respect to the CFOA based, introduced in this paper, is the high-frequency behavior. In the case of the OA, high-
frequency behavior mainly depends on the OA gain-bandwidth product, whereas we have shown that in the case of the
CFOA, it mainly depends on the buffers' output resistance. This reflects in the simulations shown in Figure 12. As
expected, low-frequency corner frequencies and gains are the same, whereas high-frequency behaviors show different

FIGURE 11 Effect of Rin in the high-frequency behavior. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Comparison of a capacitively coupled AC amplifier based on CFOA and OA. Frequency response in terms of

(A) magnitude and (B) phase. [Colour figure can be viewed at wileyonlinelibrary.com]
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patterns because of the different pole-zero locations. Bandwidth is higher for the CFOA, but this cannot be seen as a rel-
evant advantage since for most applications, bandwidth has to be limited anyway.

Advantages and disadvantages of one or the other topology should be analyzed in the light of a specific application,
and for a given technology, and thus, general rules cannot be given. We do not claim the superiority of CFOA-based
amplifiers but have just opened in our paper the possibility to design capacitively coupled AC amplifiers, with trans-
impedance amplifiers, and CFOAs in particular.

5 | CONCLUSIONS

In this paper, we have demonstrated a capacitively coupled AC amplifier using a single CFOA as an active device. Con-
trary to the common belief, we have shown that a CFOA can work with a purely capacitive feedback without the need
of resorting to extraneous passive values, or forced compensation schemes. The circuit has been modeled, and its perfor-
mance can be easily explained in terms of simplified expressions for high-frequency poles and zeroes. A closed-form
expression to estimate the phase margin has been also obtained.

The circuit has been experimentally demonstrated with the commercially available AD844 CFOA, which makes the
gain node externally available. Unfortunately, this feature is not present in most commercial CFOAs. The circuit ren-
ders a corner frequency in the range of a few hertz when gain node is not used, but the frequency can be reduced in a
controllable way by bootstrapping its output buffer.

The analysis carried out paves the way to application-oriented capacitively coupled AC amplifiers, where a CFOA
(or in general a transimpedance amplifier) is the active element. Though commercially available CFOAs pose some lim-
itations, the design can be optimized for specific applications if a fully integrated implementation is available.
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