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A new integrator is realized by using an operational amplifier pole. Its gain
constant can be varied easily by changing the resistance ratio or operational
amplifiers. This integrator is dc stable, and there is no effect of the leakage current.
Both the noninverting and inverting outputs can be obtained simultaneously. The
analytical and experimental results show clealy that this new integrator works
successfully over the wide frequency range.

1. Introduction

The conventional RC integrator finds many applications to the analog computations, signal
processing, signal generating and control. In such an integrator, however, the main difficulties
lie in making the output to reach one or the other of its saturation levels due to the drift of
the operational amplifier ( op amp ) and leakage current of a feedback capacitor.
Furthermore, we should note that capacitors of very small value cannot be easily obtained
accurately because of the stray capacity of wiring, and that capacitors of very large value are
rather expensive. Electrolytic capacitors do not permit bipolar potentials to be applied and
have a large amount of dissipation, that is, they present an appreciable leakage current.
Therefore, the selection of a capacitor with desired characteristics is very difficult.

From the above mentioned point of view, we have been trying to eliminate a feedback
capacitor of the integrator by using op amp pole. In this paper, we propose a new integrator
which does not make use of the feedback capacitor. Although many papers on active filters
using op amp pole”® have been published, the integrator as described in this paper has not
been given yet. It is composed of two op amps and five resistors. The gain constant of the
integrator depends not only on the gain bandwidth product of op amp but also on the
resistance ratio. Therefore, we can realize an integrator with arbitrary gain. The integrator
is dc stable since it is not in need of a capacitor, and both the noninverting and inverting
outputs can be obtained at the same time. This integrator works successfully over the wide
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frequency range from 100 Hz to 100 KHz, and the experimental results agree well with the
theoretical ones. Sensitivity analysis and consideration on transient response are also given.
2 . Single pole rolloff model

Figs. 1 and 2 show the open-loop inverting op amp and the frequency response of amplitude,
respectively. If the op amp has a -6 dB octave rolloff, its open-loop gain can be represented
by a single pole model. The mathematical expression for the gain A () can be written as?7%

=Yoo _Aowr GB e,
A(S)‘V-* stwp st m

where A, is its open-1loop d. c. gain, we is the open-loop 3 dB bandwidth in radians per
second ( 7ad s ), and the product A, w, { =GB ) is the gain bandwidth product in 7ad s™.
Typical values for uA 741 are Ao=10° and w,=20 7ad s™. In Eq. ( 1), letting s =jw, and if
@ > @y, the open-loop gain A (jw ) is given by A (jw ) = —GB/jw.
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Fig. 1 Open-loop inverting op amp Fig. 2 Frequency response of amplitude in

open-loop mode

In practice, we cannot use an op amp in the open-loop mode as an integrator because of
the very large gain, paticularly for low frequency signals. Further, A, may vary considerably
from one unit to another, and it may change with temperature in a given unit.

3 . Theoretical analysis

An inverting voltage amplifier is shown in Fig. 3. For the typical case of {Ry, 4o/ ( R+
R, ) }>1, the closed loop gain A,, (s ) of inverting voltage amplifier can be expressed as”~"?

_—Zo____ Kab GB
Aas(s)= V.S TR R " CH e (2)
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where K,,=R, R,. If op amp is considered
ideal, that is, GB = oo, it is clear that A,
()= — Ku= — R,/ R,.

Fig. 4 shows the experimental circuit of the
integrator. In this figure, if the closed loop gain
(V' Vi), (Ve,/V')and ( V'V, ) are written
as A, (8), A (s) and Ay (s), respectively,
loop gain H (s) is obtained as

H(s)=

Vo
Vi

— A(s) Asis)
1*1434(3)/1/’2(5)

Where it is assumed that gain bandwidth product GB of each op amp is epual, and

A ()= Klz GB
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Fig. 3 TInverting voltage amplifier

.................................................................. (3)

In Egs. (4), (5)and (6), K" s are given as Ki,=R,,/ R\, Ksa=R.:,/ Rs and Ke;=R:/R.. Letting s=
jw, and substituting Eqgs. (4), (5) and (6)to Eq. (3), we can obtain

KK, UszBZS+K12K34GB3

H(fw):[

U12 U34 Uf253+{ sz( U34+ Uf2)+ U34 UfZ}GBSZ

+(U12U/+ Uss+ UfZ)GBZS+ U,GBa]

Where U12:1+[{12, U3A1:1+K34, Uf2:1+Kf2 and U,:]._Kquz'

For frequencies such that

GB>Unow,

UGB* > Ul Uss+ Ura)+ Usi Uz} 0
and (U U+ Uss+ Ur)GB* > UnUsa Uz 0?,
as follow

K K3:GB

HGO) =BT jal s UT U 077

we can rewrite Eq. (7)
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Fig. 4 Experimental circuit

As an example, if the circuit is adjusted so that Ks; =K, =1 by the suitable choice of
resistors R,, R, R, and R;, the loop gain H ( jo ) can be written in a simple form as

H(]’w):0.25K12GB/ja) ............................................................ {9)

It is clear that Eq. (9) has the property of an ideal integrator, and that the gain constant
0.25 K, GB which corresponds to ( 1 /RC) in the RC integrator can be varied by changing
the resistance ratio K, or op amps. It should be taken notice that exact value of resistor is
immaterial but their ratio is important. In order to realize an integrator the resistance ratio

must be trimmed so that K=K, =1
4, Sensitivity function

By sensitivity, in general, we consider a measure of the displacement in some performance
characteristic of the network or the network function resulting from some’ displacement in
one or more element values. It is desirable to choose realization having low sensitivity and
to minimize the sensitivity of realization. In this chapter, we deal with the sensitivity of the
new integrator.

If we let v be the performance characteristic and % be the element, we generally define

sensitivity as follow®®

v _0y ,x__az%y, .....................................................................
S‘_ax y  dxlx 10
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If the quantity ¥ is chosen to be the network function (s ), and the element x is usually
chosen as some passive or active element in the circuit realization of the function, the
sensitivity function is defined as®™?

9=0H(S) X s
ST HE w

Thus, the sensitivity function of the integrator with respect to the passive and active
components can be determined. Let us derive the sensitivity function of the integrator for the
case of resistance ratio being K .= K=K ,=1. The sensitivity function with respect to K,

18

S — Usa Uf233+(U34+ UsaUppt Ufz)GBSS+(U34+
12 ﬂleuU/zé‘s‘f‘(Ulem’f' Ulef2+ UuU/z)GBSZ

Ut UNGB’sYUGB® 19
+(U12 U+ Usa+ Ufz) GBZS+ UGB?

N

Evaluating the sensitivity function along the jw axis, we can obtain

Spuw_Lo'+24GB*+7GB" . (0*+GBGBw .
Ko T840 F5GB w’+ G BY) ! T 1 5CBta T C.B* e (13)

Similarly, the sensitivity function with respect to K, K and GB are given by

S - U Usas® +(Uz+ Kis Usps+2Us) GBs*+(1+ Up+ Uss)GB*s+GRB?®
= {Ulz Use Usas* + (U Usa + Uy Us:+ Uss Usa)GB s?

"‘( U U+ Usat+ Ufz)GBzS+ U/GBS}

14

Sho— KoK GBH{Ups®+(1+ Ulz)GBs-i—GBz}
72 (Uras +GB)Y{Un Usy Ure8* F (U Ut U Uss + Uy U)GBs? {15}

H U U+ Usi+ Us) GB*s + U'GB?

S — 20U Usi Us2’s* + Urs(d Up Usi+ U Ura+ Usa Uys2) G B s°
@ Urs + GBY{Up Usa Uras*+ (U Uss F Uiz Uset UsaUr2) GB 57

*

* +2( [ Usa+ U Uf2+ Uss Ufz)GBZSZ‘i‘( U U+ Uss+ U/z* Ufo’)GBSS 1
+( U12U'+ U34+ UfZ)GBZSJF U’GBS}

For the K’s given above, Egs. (14), (15 and (iflare simplified to
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Assuming that GB >, we obtain
7

w

Re S%‘(gw) :F . Im S;(Il(;'w) E TR e o0
Re S%;zm):05 , Im S%é{w):_ if .............................. Ql)
Re Sloo= _L? Im SHe=— % .............................. )

ll(ja)):._l__ Hijw) — __5__ ........................... £)
Re SG% P , Im S¢Y wGB @3

where Re and Im stand for the real and imaginary part, respectively. It is clear that most of
the sensitivity functions except Im  S&® and Im  S#¥  are less than or equal to

nearly zero.
5. Transient response

The transient response'®of the integrator is studied by calculating the response to a step
function. Letting Ks:= K =1 in Eq. (7), the closed loop gain H(s) is shown as

K12G32(28‘|‘ GB)

H(s):4s(s+GB){(1+K12)3+GB} ................................................... o4)
If the input to the integrator is positive step function Vi(s)
V,(S)~£ ....................................................................................... 25)

then the response Vo (s) is given as

Vols)=H(s) Vis)

= K GB*(2s+ GB) CF eerreeeseenre i 06)
7452(8‘1’ GB)(1+K12)S+ GB

The partial-fraction expansion of Eq. 26 consists of four terms as given by

VO(S):%‘_{_K122%+K12GB%+;__{:1*G‘§+(K12271) N éB | TIPS o7
TR
Taking the inverse Laplace transformation of Eq. (27), we obtain
E 2 ~GBt 2 *kg‘gji
Vo(t)==— K+ KuGBi+e F(Kit—1)e K’} 08)

4

Fig. 5 represent the transient response of this integrator and an ideal one. From this figure,
we Know that there is principal error in actual response due to the finite bandwidth of op amp

which causes a time lag.
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Fig. 5 Transient response of the integrator

6. Experimental results

The experimental circuit shown in Fig. 4 consists of two op amps, four resistors with 10
percent tolerance and a variable resistor. The op amps are uA4 741 types, and the resistor
values are R,=R3;= R« = R: =10kQ. The power supply voltage is 15.0 V. Fig. 6 shows the
frequency response of the integrator for various K, along with the Bode plot of Eq, (9) and
the op amp’s open loop frequency response. Experimental results agree well with the
theoretical results. It is obvious that this circuit operates successfully over the wide frequency
range from 100 Hz to 100 KHz which depends on the resistance ratio K .. Exchanging the
#AT741 op amps for the other op amps with various gain bandwidth product value, we can
obtain the desired output value. Similar results as above are obtained in case of changing the
resistance ratio K ..

Figs. 7 and 8 show the output waveform of the integrator for sinusoidal input of 1 KHz and
the square wave input of 1 KHz, respectively.
The output waveform swing is 12.5 V peak to lHUw)I a8
peak. This novel scheme also produce an output
V’ which is 180 degrees out of phase with the 50
output V,.

7. Conclusion

A new integrator using op amp pole has been g

proposed, and closed loop gain, transient — f (HZ)

e . 100 1k 10 k 100 k
response and sensitivity function have been

analyzed. As a result of the analysis and Y86 Bode plot of Eq. (9) and experimental

experiment, it has been shown that the new _rfs;uf,t; amp open-loop gain
integrator works successfully over the wide — : theoretieal

frequency range from 100 Hz to 100 kHz. The A measured for K”_: 2
gain constant can be varied easily by changing % ;01.5
resistance ratio X,. or op amps. Both the ®: =0.1
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0
0
H : 0.2 msec/div H : 0.2 msec/div
Fig. 7 Output waveform of the integrator for Fig. 8 Output waveform of the integrator for
the sinusoidal input the square wave input
Upper trace : input waveform, 1IKHz Upper trace : input waveform, 1KHz
(V :0.1V,//div) (V 0.1V 7div)
Lower trace . output waveform Lower trace : output waveform
(V :5.0V /div) (V:5.0V,/div)

noninverting and inverting output can be obtained simultaneously. Since the new integrator
has no capacitor, it presents some distinct features as follows
1, dc stable since it has dc feedback path
2. Suitable for IC implementation
3. No effect of the leakage current
4, Being able to adjust the dc offset with ease
We expect that this novel integrator will find many applications.
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