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A Differential Integrator with a
Built-In High-Frequency Compensation
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Abstract—A novel integrator with differential inputs is de-
scribed. The integrator uses a singleRCRCRC network to control the
integration action of the circuit. It performs at higher frequen-
cies with higher quality factors than the traditional differential
integrator. Simulation and experimental results support the the-
oretical derivations.

I. INTRODUCTION

T HE differential integrator integrates the difference be-
tween its two input signals and is a basic component

of active filters [1]. The traditional differential integrator
uses two time constants [2]–[4]. The ability of the circuit
to reject common mode signals depends, in addition to the
CMRR of the amplifier, on the accurate matching of its two
time constants [2], [3]. To avoid the problem of matching
the two time constants, it is often found more convenient
to use a two amplifier circuit with one amplifier acting as
a simple inverter and the other as a summing integrator.
Both of the above differential integrators require compensation
at high frequencies [1], [4], [5]. The compensation meth-
ods depend on pole-zero cancellation. However, two obvious
disadvantages of these methods are stated in [1], [5], and
[6]. The first disadvantage is that the unity gain bandwidth
varies among operational amplifiers and thus each amplifier
should be compensated individually. In [6], the use of a
potentiometer as a series resistance is suggested to overcome
this disadvantage. The second disadvantage is that under
changing ambient conditions, as explained in [1], [5], and
[6], the compensation will no longer be satisfactory because
they attempt to “match two electrically dissimilar elements
to each other [5, p. 220].” Active compensation is employed
to alleviate the disadvantages of passive compensation by
utilizing “matching” operational amplifiers [1], [5], [6]. A
disadvantage of the active compensation is that it would not
work adequately if the operational amplifiers are not properly
matched.

The approach in this paper extends the high-frequency range
of the integrator without having the disadvantages of either
the passive or the active compensation techniques. Indeed, the
frequency range is limited, as will be shown, by the relation

rad/s. It will be shown in Section II-B, that at high
frequencies, the resulting transfer function could be obtained
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by a pole–zero cancellation if , where is
the unity gain bandwidth of the operational amplifier. The
pole occurs, approximately, at the radian frequency which is
equal to , and the zero occurs at the radian
frequency which is equal to . This is quite different
from trying to cancel out a pole at the unity gain bandwidth
frequency of the operational amplifier, as the passive and
active compensation schemes aspire to do. Thus, by choosing

, we obtain an integrator limited by the higher
dynamics of the operational amplifier and requiring neither the
active compensation of “matching” operational amplifiers nor
the passive compensation of “matching electrically dissimilar
elements.” The usable high-frequency range of the integra-
tor approaches the unity gain bandwidth of the operational
amplifier.

The approach presented in this paper did not evolve from
the view of compensating the Miller integrator, but rather from
the idea of obtaining an integrator by inverting the traditional
passive differentiator. In [7], the traditional approach to
inverse system design was employed to design a noninverting
integrator. In this paper, the approach is used to develop a
differential integrator that extends the high-frequency range
considerably beyond that of the Miller integrator. The resulting
integrator has a built-in zero that could be used to control the
frequency range of the integrator to achieve integrators with
appropriately lower or higher frequency ranges than is possible
by using the traditional integrators. Note that the resulting
integrator frequency range will thus be limited at the upper
end by the inverse of the time constant, i.e.,
radians/second, while for the traditional Miller integrator it is
the lower frequency end that will be limited by the inverse
of the time constant, i.e., , where is
the dc gain of the operational amplifier. Indeed very low-
frequency integrators could easily be obtained by using the
new approach. In addition, the resulting circuit acts as an
amplifier for dc input voltages and thus exhibits a built-in
low-frequency stability.

In [7], the addition of a second operational amplifier to
be used as a buffer was suggested to avoid loading. The
buffer may be dispensed with by proper loading. The proposed
differential integrator dispenses with the buffer for high-
frequency applications, by the proper choice of component
values to avoid loading, and thus a single amplifier circuit
is obtained. For a low-frequency integrator, a buffer may be
used because its dynamics do not influence the operation of the
integrator at low frequencies. Other proposed high-frequency
integrators use multiple operational amplifiers [8].
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Fig. 1. The proposed differential integrator.

The proposed differential integrator has the advantages of
a single time constant [3], dc stability [7], [9], and a built-in
high-frequency compensation that extends the high-frequency
range of operation [7].

II. THE PROPOSEDINTEGRATOR

The proposed integrator is shown in Fig. 1. It is obtained
by modifying the single input integrator developed in [7]
and eliminating the buffer amplifier at high frequencies with
appropriate loading conditions.

Nodal analysis of Fig. 1, similar to the analysis carried out
in [7], and assuming that , and that , yields

(1)

The derivation of (1) is outlined in the Appendix. Note that
the circuit should always be chosen so that it would act
as a passive differentiator in the frequency range of interest,
i.e., [7]

(2)

Equation (2) implies that and that the product
should be chosen appropriately for the frequency range of
interest. Thus, the resistance and the capacitor should be
chosen to give large product values for low-frequency
integrators and should be chosen to give small product
values for high-frequency integrators.

Thus, (1) may be simplified, using (2), to

(3)

A. The Ideal or Low-Frequency Case

Assuming , (3) reduces to

(4)

Equation (4), together with (2), represents an integrator for
frequencies in the range

(5)

Fig. 2. The proposed low-frequency differential integrator with the addi-
tional buffer isolation amplifier.

The circuit acts as an amplifier for dc inputs. The dc gain is
obtained from (1) by substituting the dc gain of the operational
amplifier, for and zero for in (1) to obtain

which can be approximated asfor ,
which in practice will always be satisfied. Thus the dc gain
may be increased or decreased as desired by, respectively,
increasing or decreasing. Note that for low frequencies, the
condition might entail using very large values of.
This could be mitigated by using a buffer isolation amplifier
between and as shown in Fig. 2. The dynamics of the
buffer amplifier do not influence the design at low frequencies.

B. The Nonideal Case

may be approximated by a one-pole model and at high
enough frequencies can be expressed as

(6)

where is the unity gain bandwidth of the operational
amplifier.

Substituting (6) into (3) yields

(7)

Equation (7) has a single pole that determines the start
of the integration that is limited only by the higher order
dynamics of the operational amplifier. The 3-dB frequency
occurs at the pole and thus may be increased by decreasing

and/or decreasing the product. If is chosen to
satisfy a desired dc gain, then the 3-dB frequency may
be increased by decreasing the value of the product.
Note that the denominator of the Miller integrator is

, and it is similar to the denominator
of (3). However, substituting (6) in the denominator of the
Miller integrator we obtain a second-order equation inand
the resulting transfer function has two poles. The first pole
determines the start of the integration, while the second pole,
that occurs at the radian frequency , causes the Miller
integrator to quit at about .

Equation (7), together with (2), represents an integrator in
the frequency range

(8)
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Fig. 3. HSPICE simulation of the integrator with the values ofr = 10 k
, k = 100, R = 500 
, C = 100 pF, and LM741 operational amplifier. (a)
The magnitude of the voltage transfer function in decibels and (b) the phase of the voltage transfer function in degrees.

For high frequencies, beyond one tenth of the unity gain
bandwidth, and where the radian frequencyis so close to

such that , (9) simplifies to

(9)

Substituting (6) into (1) yields

(10)

Equation (8) is similar to the transfer function of the Miller
integrator which was derived by Parrish and Allen in [10],
except for the additional zero. This zero, if chosen properly,
may reduce the excess phase due to the offending high-
frequency poles and thus extend the high-frequency range of
the integrator. It is to be noted that the second pole does not
occur at , but is a function of and the product and
occurs approximately at the radian frequency ,
as could be determined from the denominator of (10).

The second pole would occur at approximately if we
choose ; then a pole–zero cancellation occurs
in (10), and we obtain a single pole transfer function with the
pole occurring at .

In contrast to active integrators, both the lower and upper
limits of the frequency range are controlled by the designer.
In addition, the upper limit could be made greater than that
possible in active integrators . For example, the integrating
summer reported in [11] yields a transfer function with a pole
that limits the upper frequency range of the integrator.

III. T HE INTEGRATOR QUALITY FACTOR

If we express the transfer function of an integrator as [7]

(11)

then the -factor of the integrator is defined as

(12)
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Fig. 4. Experimental results of the integrator using the same values used for the simulation. (a) The magnitude of the voltage transfer function in decibels
and (b) the phase of the voltage transfer function in degrees.

For the nonideal case, using (8) with , we obtain

(13)

Thus, is controllable and it is an increasing function of
frequency, , and the product. Thus for ,

and neglecting the term , . This
is to be compared with the traditional differential integrator,
with a equal to that of the Miller integrator, that has a

. Thus, at , the
Miller integrator has a .

For the ideal or low-frequency case, we obtain the value

(14)

Thus, for and , we obtain a -value
of 100.

Thus, for high frequencies, the new integrator could obtain
higher values of than the traditional integrators. Even at low
frequencies, reasonably high values could be obtained.

IV. STABILITY

Following the approach of Martin and Sedra [12], a two-
pole model is used for the operational amplifier. Let the two
poles occur at and , where is the frequency of the
first (dominant) pole. Then for , the open loop gain of
the operational amplifier can be expressed as

(15)

Substituting (15) into (1), results in the following characteristic
equation:

(16)

The Routh–Hurwitz Test tells us that two conditions have
to be met to prove that the circuit is stable [13].

1) The coefficients of must all have the same sign.
2) must have the same sign as the coefficients

in 1).

Inspection of reveals that the first condition is satisfied.
Forming the product results in

(17)

The right-hand side is always greater than zero for and
. Therefore, the circuit is always stable for and
.

V. SIMULATION AND EXPERIMENTAL RESULTS

The circuit of Fig. 1 was simulated using HSPICE with
k , , pF, and and

LM741 for the operational amplifier. The simulation results
for the magnitude and phase are shown in Fig. 3. The sim-
ulation shows that, with the above values, the circuit acts
as an integrator with ten percent phase error from about 35
kHz to over 700 kHz. The same circuit was constructed and
tested yielding experimental results close to the simulation
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(a)

(b)

(c)

Fig. 5. The triangular waveform responses of the circuit to square waveform
inputs at the frequencies (a) 50 kHz, (b) 500 kHz, and (c) 700 kHz.

Fig. 6. The experimental setup for obtaining equal voltages of opposite
polarities. Both operational amplifiers are LF356 andRi = 10 k
.

results. The experimental results for the magnitude and phase,
using HP3577A Network Analyzer, are shown in Fig. 4 and
agree over all with simulation results. The extended frequency
range of the integrator is demonstrated by the triangular wave
responses to the square wave inputs at frequencies of 50,
500, and 700 kHz as shown in Fig. 5(a)–(c), respectively. The
experimental setup, shown in Fig. 6, obtained equal voltages of
opposite polarities from the outputs of two LF356 operational
amplifiers, one configured as an inverting amplifier with a gain
of , and the other as a unity gain voltage follower amplifier.
The inputs of the two amplifiers were connected together and
the signal applied to the common connection. The output of
the inverting amplifier was fed to the input of Fig. 1 while
the output of the voltage follower was fed to.

The new integrator could be utilized to build resonators with
large at higher frequencies than those possible by using
the traditional Miller integrator. This will be addressed in a
subsequent work.

VI. CONCLUSION

A novel stable differential integrator is proposed. It employs
a single-time constant and it is also dc stable. It operates
at higher frequencies with higher quality factors than the
traditional integrators. The usable high-frequency range, due
to a built-in high-frequency compensation, could approach the
unity gain bandwidth of the employed operational amplifier.
Simulation and experimental results verify the theoretical
expectations.

APPENDIX

THE DERIVATION OF (1)

In this appendix, the derivation of (1) is outlined. Let
, and designate the voltages in Fig. 1 from the

inverting terminal of the operational amplifier to ground, the
noninverting terminal of the operational amplifier to ground
and the voltage across the resistor, respectively.

Nodal analysis at the inverting terminal yields

(A1)

The above approximation is obtained by assuming that .
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Similarly, nodal analysis at the noninverting terminal yields

(A2)

Also nodal analysis at the nongrounded terminal ofyields

(A3)

The above approximation is obtained by assuming that .
Substituting (A3) into (A1), we obtain

(A4)

The above approximation is obtained by assuming that .
Using the equation that relates the voltages at the different
terminals of the operational amplifier

(A5)

and substituting the values of and from (A2) and
(A4), respectively, into (A5), we obtain

(A6)

Note that (A6) is the same as (1).
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