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Abstract—A novel integrator with differential inputs is de- by a pole-zero cancellation if/RC > w./2, wherew, is
scribed. The integrator uses a singleRC' network to control the  the unity gain bandwidth of the operational amplifier. The
Integration action of the circuit. It performs at higher frequen- 16 ocoyrs, approximately, at the radian frequency which is
cies with higher quality factors than the traditional differential | ' C ' dth h di
integrator. Simulation and experimental results support the the- ©4U& to[(l/R_ )"‘_(wc/2)]' and the Z€ro occurs at t_ e radian
oretical derivations. frequency which is equal ta/RC. This is quite different

from trying to cancel out a pole at the unity gain bandwidth
|. INTRODUCTION frequency of the opera;;[ional amplifier, das tI;]e p?)ssivrf and
. I . . active compensation schemes aspire to do. Thus, by choosing
:'E d|ff$re?t|al _mtetgra_tor :ntegr;\tgs thg d_lfference bel' RC > w./2, we obtain an integrator limited by the higher
ween 1tS two Input signals and 1S a basiC COMPONERL,» mics of the operational amplifier and requiring neither the
of active f|_|ters [1]. The traditional d|ﬁer§ntlal mtegr_ator ctive compensation of “matching” operational amplifiers nor
tjsers. '[V\{{O mr?;ran cgnrita;ts EZL_[IL”. dThenzb'“?r/] Og;ﬂie nC':Cut'Ee passive compensation of “matching electrically dissimilar
gMg;COfC&e a(r)n Iifigr eor? ?hs chi‘r)aete rsn'atchai‘n o? itS?wvef"ements." The usable high-frequency range of the integra-
. P ' ) 9 Woor approaches the unity gain bandwidth of the operational
time constants [2], [3]. To avoid the problem of matchin plifier
:geuévt\aloa“tnv]v% ?’slcr)’r?slti?igtrs’cilrtClIJSit 3&;1” Jﬁgn:mmﬁ)fir c:cr;x]emzn The approach presented in this paper did not evolve from
. . P PINer acting a3 e view of compensating the Miller integrator, but rather from
a simple inverter and the other as a summing mtegrat%r].

Both of the above differential integrators require compensatione idea of obtaining an integrator by inverting the traditional

at high frequencies [1], [4], [5]. The compensation methqassweRC d|fferenfuator. In [7], the tradmon_al approgch to_

. . Inverse system design was employed to design a noninverting
ods depend on pole-zero cancellation. However, two obwol% rator. In this paper. the apbroach is used to develop a
disadvantages of these methods are stated in [1], [5], an 9 ' paper, bp P

. . . . . . differential integrator that extends the high-frequency range
[6]. The first disadvantage is that the unity gain bandwidt . o .
. . e .considerably beyond that of the Miller integrator. The resultin
varies among operational 'am.p'llflers and thus each ampllf}e(){egrator hgs aybuilt—in zero that could bg used to control tr?e
should be compensated individually. In [6], the use of gquency range of the integrator to achieve integrators with

potentiometer as a series resistance is suggested to overc . . . :
this disadvantage. The second disadvantage is that unagproprlately lower or higher frequency ranges than is possible
using the traditional integrators. Note that the resulting

changing ambient conditions, as explained in [1], [5], an

[6], the compensation will no longer be satisfactory becauggzgl;at?r: fr_equency fr?r:‘gg \;\.”” thus bte It'm.'ted at ;h;gpper
they attempt to “match two electrically dissimilar element§N? PY he INVErse o Imeé constant, 1.8y < / o
to each other [5, p. 220].” Active compensation is employer dians/second, while for the tra_dmona_l Mlller mtegra_tor it is
to alleviate the disadvantages of passive compensation tf§ Aower frgquency end t.hat will be limited b%/ the inverse
utilizing “matching” operational amplifiers [1], [5], [6]. A ° tdeRC,t'mi chonstant, ',‘e"“|>> 1/|.‘L]},0RC’;V edrer ISI
disadvantage of the active compensation is that it would n%]te ¢ gan o the operationa ampiiier. I_n eed very low-
work adequately if the operational amplifiers are not properfjFauency integrators could easily be obtained by using the
matched. new approach. In addition, the resulting circuit acts as an

The approach in this paper extends the high-frequency rar?d@pliﬁer for dc input voltages and thus exhibits a built-in

of the integrator without having the disadvantages of eithg)rw—frequency stgpility. . "
the passive or the active compensation techniques. Indeed, th& [7], the addition of a second operational amplifier to

frequency range is limited, as will be shown, by the relatioff® Uséd as a buffer was suggested to avoid loading. The
w < 1/RC rad/s. It will be shown in Section II-B, that at highPuffer may be dispensed with by proper loading. The proposed

frequencies, the resulting transfer function could be obtaindifferential integrator dispenses with the buffer for high-

) ) ) frequency applications, by the proper choice of component
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Fig. 1. The proposed differential integrator. Fig. 2. The proposed low-frequency differential integrator with the addi-

tional buffer isolation amplifier.

The proposed differential integrator has the advantages of
a single time constant [3], dc stability [7], [9], and a built-inThe circuit acts as an amplifier for dc inputs. The dc gain is
high-frequency compensation that extends the high-frequerfilitained from (1) by substituting the dc gain of the operational

range of operation [7]. amplifier, A, for A(s) and zero fors in (1) to obtain
kA,/(2k+ A,) which can be approximated asfor k£ < A,,
II. THE PROPOSEDINTEGRATOR which in practice will always be satisfied. Thus the dc gain

may be increased or decreased as desired by, respectively,

The proposed mtt_agrato_r IS shown In Fig. 1. It Is Ob_tame'ﬂcreasing or decreasing Note that for low frequencies, the
by modifying the single input integrator developed in [7 ondition R < r might entail using very large values of

and eliminating the buffer amplifier at high frequencies Wiﬂ:fhis could be mitigated by using a buffer isolation amplifier

appropriate loading conditions. . betweenr and R as shown in Fig. 2. The dynamics of the

ff lifi infl h [ low f ies.
in [7], and assuming that > R, and thatk > 1, yields Butter amplifier do not influence the design at low frequencies

Vo 1 B. The Nonideal Case
ViV, = 2 RCs i (3 - ,
1= vz + + = A(s) may be approximated by a one-pole model and at high
A(s)  (1+RCs) & enough frequencies can be expressed as
The derivation of (1) is outlined in the Appendix. Note that Als) ~ We ©6)
the RC circuit should always be chosen so that it would act AN
as a passive differentiator in the frequency range of interegfere w. is the unity gain bandwidth of the operational
i.e., [7] amplifier.
1 Substituting (6) into (3) yields
W L @) g (6) 3y
RC v, kw. @)
Equation (2) implies thatRC's| <« 1 and that theRC product Vi—Vo  we+ (2k+ERCw.)s’

uation (7) has a single pole that determines the start
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
k and/or decreasing th&®C product. If £ is chosen to
satisfy a desired dc gain, then the 3-dB frequency may

interest. Thus, the resistance and the capacitor should
chosen to give largeRC product values for low-frequency
integrators and should be chosen to give sl product
values for high-frequency integrators.

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

should be chosen appropriately for the frequency range%
0

Vo o 1 3) be increased by decreasing the value of #€ product.
Vi-Vo 2 4 RCs + 1 Note that the denominator of the Miller integrator s+
A(s) k [s + 1/(RC)]/A(s), and it is similar to the denominator
of (3). However, substituting (6) in the denominator of the
A. The Ideal or Low-Frequency Case Miller integrator we obtain a second-order equationsiand
Assuming|A(s)| > k, (3) reduces to the resulting transfer function has two poles. The first pole

determines the start of the integration, while the second pole,

Vo ~ k ) (4) that occurs at the radian frequenay., causes the Miller
Vi—Va  1+4+EkRCs integrator to quit at aboub../10.
Equation (4), together with (2), represents an integrator for Equation (7), together with (2), represents an integrator in
frequencies in the range the frequency range

1 1 Y cw<x 1 (8)
ho €Y< o (5) k(2 4+ w.RC) RC’
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Fig. 3. HSPICE simulation of the integrator with the valuesrof& 10 k2, & = 100, R = 500 2, 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 The second pole would occur at approximatehC' if we
bandwidth, and where the radian frequengyis so close to choosel/RC > w./2; then a pole—zero cancellation occurs

w. such thatw.RC « 2, (9) simplifies to in (10), and we obtain a single pole transfer function with the
w 1 pole occurring atv./2k.
LT Lw —. 9) In contrast to active? integrators, both the lower and upper
2k RC limits of the frequency range are controlled by the designer.
Substituting (6) into (1) yields In addition, the upper limit could be made greater than that
possible in activeR integrators . For example, the integrating
We <3 + i) summer reported in [11] yields a transfer function with a pole
Vo ~ RC (10) that limits the upper frequency range of the integrator.
i=he 4§+GL+&+&%+‘%}
RC 2k 2 2kR

lll. THE INTEGRATOR QUALITY FACTOR @)

Equation (8) is similar to the transfer function of the Miller |t \ve express the transfer function of an integrator as [7]
integrator which was derived by Parrish and Allen in [10],

except for the additional zero. This zero, if chosen properly, T(jw) = 1

may reduce the excess phase due to the offending high- W)= R(w)+jX(w)
frequency poles and thus extend the high-frequency range of

the integrator. It is to be noted that the second pole does fiagn the@Q-factor of the integrator is defined as
occur atw,, but is a function ofu. and theRC product and

occurs approximately at the radian frequefldy RC)+w./2], Q= X(w) (12)

as could be determined from the denominator of (10). R(w)

(11)

P
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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 funiftes in dec
and (b) the phase of the voltage transfer function in degrees.

For the nonideal case, using (8) with= jw, we obtain Substituting (15) into (1), results in the following characteristic
9 equation:
Q= k<— + wRC). (13) 5 )
We q(s) =2kRCs” + (2kwaRC + 2k)s
Thus, @ is controllable and it is an increasing function of + (2kws + wewa RC + RCw,owik)s + wwa. (16)

frequency, k&, and the RC product. Thus fork = 100, ) .
w = w./2 and neglecting the terRC, Q ~ 100. This The Routh—Hurwitz Test tells us that two conditions have
is to be compared with the traditional differential integratof® P& met to prove that the circuit is stable [13]. _
with a @ equal to that of the Miller integrator, that has a 1) The coefficients o’ must all have the same sign.
Q = —|A| = —|we/s| = —|we/w|. Thus, atw = w,/2, the 2) aza; — apasz must have the same sign as the coefficients
Miller integrator has aQ = —2. in 1).

For the ideal or low-frequency case, we obtain the valuelnspection ofg(s) reveals that the first condition is satisfied.

O = kRCw (14) Forming the productiza; — agaz results in

_ — 22

Thus, for RCw = 0.1 and k = 1000, we obtain aQ-value G201 = G003 = 2kw; (2kwe RO + 2k + R*Clwcwy
of 100. +kR?*C?wews + kRCw,).  (17)
Thus, for high frequencies, the new integrator could obtai - L
higher values of) than the traditional integrators. Even at IO\IFj‘vlﬂqe right-hand side is always greater than zerokfor 0 and

frequencies, reasonably high values could be obtained. Zc >>00 Therefore, the circuit is always stable for> 0 and

IV. STABILITY
V. SIMULATION AND EXPERIMENTAL RESULTS

Following the approach of Martin and Sedra [12], a two- — . . . .
pole model is used for the operational amplifier. Let the two The circuit of Fig. 1 was simulated using HSPICE with

poles occur aty; andw,, wherew; is the frequency of the r =10 ki, k = 100’.0 = 100 pF and R = 500. {2 and
first (dominant) pole. Then fap > w;, the open loop gain of LM741 for the operational amplifier. The simulation results

the operational amplifier can be expressed as for Fhe magnitude and_ phase are shown in Fig. 3._ Th_e sim-
w ulation shows that, with the above values, the circuit acts
A(s) ~ <

- ¢ (15) as an integrator with ten percent phase error from about 35
3<1 + i) kHz to over 700 kHz. The same circuit was constructed and
w2 tested yielding experimental results close to the simulation
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Fig. 6. The experimental setup for obtaining equal voltages of opposite
polarities. Both operational amplifiers are LF356 aRd= 10 k2.

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 —1, 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 inptt of Fig. 1 while

the output of the voltage follower was fed 143.

The new integrator could be utilized to build resonators with
large (7 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
V=, VT, and Vr 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 resistorrespectively.

Nodal analysis at the inverting terminal yields

W VeV,
Va4t o (A1)

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.

The above approximation is obtained by assuming Ahat 1.
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Similarly, nodal analysis at the noninverting terminal yields[3]

Ve % (A2)

Also nodal analysis at the nongrounded terminaloyields
rRCsV, + RV~

~N— A3

VR (1 + RCs) (A3

The above approximation is obtained by assuming th&t .
Substituting (A3) into (Al), we obtain

Va RCsV, RV~ Vs

Vo~ T A+ ROy 2%

2r(14 RCs) + 2k
Ve, ROV, Vi
T2 " 2(1+RCs) 2k

The above approximation is obtained by assuming th&t .

(A4)

Using the equation that relates the voltages at the different

terminals of the operational amplifier

V, = A(s) (VT =V7) (A5)

and substituting the values df ¥ and V'~ from (A2) and

(A4), respectively, into (A5), we obtain
Vo oo 1
Vi-Va

2 1
= Cs+ =
A(s)+R S+k

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