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This paper studies the effect of non-idealities of OP AMPs on the performance of active filters. The
non-ideality is considered in terms of finite gain, finite gain-bandwidth product, slew-rate, and offset
voltages. The effect of these non-idealities on active RC & switched capacitor filters is highlighted.
Some ways of reduction of these effects are also suggested and relative advantages and disadvantages
of various compensation techniques are discussed.

INTRODUCTION

Ideal OP AMP (OA)

An ideal OA has the following characteristics:

It has infinite input impedance

Output impedance is zero and output voltage is independent of the current
drawn from the output terminal.

Gain is infinite

If input voltage V, is zero, than output voltage V, is also zero.

It has infinite bandwidth.

Characteristics do not drift with temperature.

DN =

oW

Practical OA

In practical OAs, all the infinite parameters and zero parameters specified above,
have finite values. The equivalent circuits of an ideal and non-ideal OA are shown
in Fig. 1.1.

The various other parameters of practical OAs are:

1. Finite gain (A,) with differential input and common mode gain (A.). Thus, the
common mode rejection ratio CMRR = |Ay/A | will be finite. Large values of
CMRR are desired. For an ideal OA, CMRR is infinite.

. Finite Bandwidth: Gain drops regularly with increasing frequency.

. Slew-rate: Slew rate limitations arise because the transistors inside the OA are
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FIGURE 1.1

unable to provide sufficient current to rapidly charge capacitive loads. The slew-
rate also depends on the external circuitary connected to the OA. Usually, the
worst case occurs when the OA is connected as a unity gain amplifier.

4. Input bias current is finite.

5. Input offset current is finite.

Effect on Active RC Filters

Desirable features of active RC filters are independent control of pole-Q and w,
(pole), dependence of w, on passive elements only, realization of high-Q without
requiring excessive amplifier gain, and insensitivity to the OP AMP gain-bandwidth
product [1, 2].

Basic components in the design of an RC-active filter are inverting and non-
inverting amplifiers, integrators, and biquads. The effect of non-ideality, especially
of GB and w,, on these components is considered, as well as the effect of these

finite parameters on various RC-active filters. Finally, effect of slew-rate is con-
sidered.

Inverting and Non-Inverting Amplifiers

The configuration of the circuit is shown in Fig. 1.2. The resistors R; & R;determine
the closed loop gain of the amplifier. The resistor R, is introduced to minimize the
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effect of input bias current, its value being equal to the parallel combination of all
the resistors connected to the inverting input.
The way of calculating the effect is shown only

V; = 0 (no current)
ViA = _Eo or Vi = _EO/A
E -V, V,-E, or EE/A _ -EJ/A - E,

Rl RF RI RF

-E _ E, __E
or - = Eo/ARr + ° + EJ/AR, = 2% [R; + Re + AR]

R; + Re AR, ] E,

-Ei/R; = + = 1+ A
or —E/R, = E,/A RF R, [1 R + R, 3 ARF[ Bl
: - A _ AB
..EO/Ei—RF/R11+AB—a]1+AB
where oy = R¢/R; & B = R/(RF + R))

Close loop gain can be expressed as

_ Ao B wo

Ki=agy (1 + A, B) o, (1.1)

It is clear that the above closed-loop gain has a pole at

O =-(1+ AB) w, = —(1 + Ao ) w, 1.2

l—oq
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Closed-loop Input Impedance for the inverting mode could be written as
Zil = Rl + Rp/l + A
Substituting gain — dependent value of A,

_ A, R[S+ (1+APB) aw
Z“_R‘+RF/1+S+wO_ B[S+(1+A0)w0

o . (Rp(L)
orZ, =R, + R, + R, + SL

where Ris = RF/AO + 1, Rip = ARFI:O]_ & Li = RF Ao/(Aowo)z W,

for A, > 1

Itis seen that the input impedance Z, is resistive and its value is R, for frequencies
much less than A,Bw,. For frequencies between A,Bw, and A,w,, Z; is predomi-
nantly inductive. For frequencies above A,w,, Z;; = R; + Rp.

The effect of this inductive loading on the previous stage may become consid-
erable in some cases. However, for low-closed loop gain, Z;, is essentially resistive
for the useful frequency range.

The expression for the output impedance Z, can be similarly derived and is given
by

R _ _RoploS
Zo= 11 ap - Re?R, +Ls

where R, = R, / 1 + A8, R, = R, A, B/(l + AB) &L,
=R, = {1 + A, B) w}

Thus, Z, represents a small resistance R, in series with the parallel combination
of inductance L, and resistance R,,. The output impedance is predominantly in-
ductive for the normal useful frequency range of the amplifier, i.e., between w, &
A.Bw,.

In active RC-realization using more than one OA such as biquad, the effect of
the output impedance will be to add additional poles and zeroes, thus affecting the
performance of the filter.

Similar expressions can also be derived for non-inverting amplifiers.

It is seen that for the same ideal gain, i.e., || = |an] = @, the bandwidth of
the inverting mode is less than that of non-inverting mode, the ratio being 2/1 +

a. In particular, for unity gain, the bandwidth for the inverting mode is only half
that of the non-inverting mode.

Integrators

Specifically, if the OA frequency response is taken into account, the transfer func-
tion of an integrator circuit may be expressed as

T(jw) = 1/R(w) + jX(w) (1.3)
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Then, the integrator Q-factor is defined as
Q, = X(w)/R(w)
The basic circuit for an inverting integrator is shown in Fig. 1.3.

A

VolVi= = AT 1) SCR + 1

when A is replaced by A,w,/Sw, and then substituting S by jw, we have
o[(A, + 1) o, CR + 1]

Q = o, — o’ CR
Assuming o, < w < A, w,, we have

oA, o, CR _ .
Q1 = m— = —-Ao wolw = - IA(]W)I
Thus, for an inverting integrator Q; = —|A]|

Similarly, for a non-inverting integrator, Q; = (—|Al/3).

It is to be noted that for an ideal OA used in integrators, the real part in equation
1.3 would be zero and, hence, Q; for such integrator will be infinite. Thus, the
effect of finite GB is to make the integrator lossy..

Biquadratic Filter Section

This type of filter can be realized by a two section loop as shown in the Fig. 1.4
The transfer function is

% = ;S% where w, = 1/7
oS+ (—Q—") S + w}
T=RC
_ Q
Q= T @aia)

Vi O—— W\

—OVo
Q; = -1Al

77772
FIGURE 1.3



184 PREM MITAL AND UMESH KUMAR

+
V; =1
| + ST01/Q 1/ST
FIGURE 1.4(a)
R
VAVAVAVAVAVAV S
QR Y
W] AW
Y
Jf /WA
AR
Vi 0—W - R =
ine Rk
S R
Vo R

FIGURE 1.4(b)

It should be noted that Q is nominal value of Q, and Q, = Q if A is infinite.
Similarly, realized value of pole-frequency wyk can be given by

Wo = W, 1 + 1/02(1 1)

ota
andQ"=1__%_——l
ot

where Q, & Q, are the Q-factor of two integrators in Fig. 1.4(a). For the circuit
of Fig. 1.4b

w, 1+ 3/|AR —3/|A] Q
w, 1+ 3/|AR —3/|A] Q

Wpk

wpk

Thus, in this circuit of biquadratic filter section, the value of Qy increases and
that of wy, decreases compared to the nominal values. The values of Q; and w,
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for values of |A|, Q, and w, are also calculated. A more general biquadratic circuit
was given by Thomas. This is shown in Fig. 1.5.
The transfer function

W,
wl|s?+ s + w?
( Q. Z)

§ + 0,/Q + W2

Eo/El =

where w, & w, are related to the frequencies at which the loss peaks and transmission

poles occur. Such basic building blocks can be cascaded to form transfer functions
of order higher than 2.
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If we consider a finite gain infinite bandwidth OA, then realized Q, —
Qu = Q,/1 + 2Q,/A,
But, if the bandwidth is considered finite, then

Q
(w0, — pr)

ka = ZQP

1+ Ao,

The actual Q, increases at high resonant frequency because of finite gain and
bandwidth in a non-ideal OA.

After remaining constant over a broad band, the Q begins to increase and
then becomes infinite. Such an increase in Q,y is called Q, enhancement.

ANALYSIS PROCEDURE FOR A GENERAL ACTIVE RC-FILTER

To find the effect of non-idealities of OA on the transfer function of a filter, we
replace the ideal OA by a finite gain OA of gain A, and on this basis derive the
new transfer function. Now, replacing A by A,w,/S + o, gives the total effect of
OA finite G B on filter. Thus, a generalized procedure can be written as:

1. Identify all nodes in the filter circuit and number them. Number output node
as V,.

2. For all such nodes that are not the output of OA,, write the KCL. No equation
should be written at output node. The admittance matrix can be directly made
for such nodes.

3. Write gain equations for OA in the circuit, and include these equations at proper
places in the admittance matrix. Thus, the resulting matrix would be as:

[Y] [V] = [I]Current matrix.

4. Solve the above matrix eqliation for only V,; V, can be obtained by the deter-
minant equation V, = A,/A where A is [Y| and A, is |Y| when its kth column
is replaced by [I] if V, appears in kth row in [V].

5. From the above equation, a new transfer function V,/V; can be found. Replace
OA gain A; by A, w,/(s + w,) or A,w,/S whatever model is recognized.

6. A higher order transfer function will result. On factoring it and then rejecting
the poles lying much away from the dominant poles, we compare the above
equation with that of an ideal OA.
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7. As a result of this comparison, deviations in the values of Q, and w, can be
seen.

It is to be noted that procedures up to step (5) can be implemented on a computer.
The result will not be in the form of an expression, but a plot of the curve will
result, considering the effect of non-ideality. Thus, this would be the plot of actual
performance of the filter.

For considering ideal performance:

1. Both the inputs of the OAs are labeled as nodes with the same voltage. However,
equations for each node should be written separately. Now the gain equation
need not be written.

2. The resulting admittance matrix will not be a function of OA gain A. The
transfer function of a filter with ideal OA can thus be plotted, and resulting
plots can be compared.

Effect of Slew Rate

Slew rate, which is the time rate of change of the closed loop amplifier output
voltage under large signal conditions, can cause serious degradation of the filter
frequency response, sometimes leading to instability.

When an OA is overdriven by a large input signal, the output slews. It has been
found that while magnitude distortion occurs in both the closed loop modes,
phase distortion only occurs under closed-loop conditions. Slew-induced distortion
for the low gain inverter configuration is much larger than for the inverting inte-
grator.

If a sinusoidal input causes the output to have a maximum slope greater than
the slew rate of the amplifier, the output will suffer distortion. The slew-induced
distortion (SID) causes an additional phase-shift (lag) and an attenuation of the
fundamental component of the signal at the output. The distortion is not present
at lower amplitude or lower frequency [3].

ANALYSIS OF SLEW INDUCED DISTORTION

A previously used method for analyzing the effect of slew rate was a non-linear
system modeling technique based on a describing function method. A similar tech-
nique based on Fourier analysis was also applied to develop a non-linear macro
model of the OA.

If an OA is operating in the range of the SID, then its modeling using a Volterra
series is quite difficult if exact methods are utilized. Thus, a distortion generator
method is used here. This method provides a sufficient accuracy of estimation for
small non-linear distortions.
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The Volterra model for a non-linear system could be represented by the model
shown:

FIGURE 1.6

The non-linear system is decomposed to a linear system and a finite number of
homogeneous non-linear subsystems that are completely characterized by their non-

linear transfer function. In a mathematical notation such as Laplace Transform,
we have

Y(S,S;...S,) = 2 kS, S, . .. S) T * () (1.5)

i=1

Here, kernels up to nth order have been utilized to represent the system. Physical
interpretation of K (S;, S, . . . S,) can be given as follows: n sinusoidal signals of
complex frequency S, S,, . . . S, of unit amplitude of nth order produce a signal
at frequency (S; + S, + . . S,).

The relation between input (V;) & output (V,) of an OA possessing non-linear
and inertial properties using eqn. 1.5 is

n k
Vo (Sl’ SZa LI Sn) = 2 K(Sl, SZ, .. Sn) H Vl(sj) (1'6)
k=1 i=1

where the first component represents the linear portion. Thus, OA can be repre-
sented as a linear voltage-controlled voltage source with transfer coefficient (K(S,)
and a distortion generation €(S;, S, . . S,) at the output as shown in Fig. 1.7.
For better accuracy, a differential OA model should be used. DOA is regarded
as a VCVS with the added elements that indicate the finiteness of the input and
output impedances. The model is shown in Figure 1.8. The DOA kernels obtained
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Vics) € (S)— Sp)
O K(Sy) O
l/ Vo (S1— Sp)
FIGURE 1.7

by this method are given below:

a;

Koa (S1) = 155, T

_ a =
Kn B S) = 0 S ToA + 5T~ 0

a
KoA (Sla SZ’ SS) = —;___3—_—
I1 @ + S;Tea)
j=1

ANALYSIS PROCEDURE

The analysis procedure for any active filter adopted is as follows:

189

1.7)

(i) Identify various nodes of circuits and draw a signal flow graph in such a way
that its every node represents a voltage. If elements are given in the form

of impedances, convert them into admittances.
(ii) Find the gain of every branch of the signal flow graph.
(iii) Find the voltage at VCVS input V(s)

(iv) Find the output voltage of the device excluding the distortion generators

(v) Find the parameters of the distortion generator.
(vi) Find the total output signal.

(vii) Assuming the circuit to be linear, recompute the parameters of the distortion

generators at the circuit output.

Vi
Vi
- Yo 5= 1 M %
8__——"' 1+S
N
Vv

FIGURE 1.8
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(viii) From an analysis of the expression describing the filter output signal, kernels
of the function of the Volterra series are determined. This series shows the
relation between input and output signals. These expressions are:

K(Sy) = T; (Sl)

KiS1s Sz -+ $9) = Kon (51, S2 - 8) (=P T (Tis (5) T ex(eS))

Utilizing an expression for the amplitude of the first harmonic, we find the amplitude
frequency response from the first harmonic

[K,,GwW)] = lk, (iw)| + 3/4 Um? [K (iw, iw) — iw|

The actual calculations for this bandpass filter are done using computer program.

EFFECT ON SWITCHED CAPACITOR FILTERS

Although many of the methods developed for active RC filters can be directly
adopted to SC filters, this is not true for the analysis of the effects of the amplifier
dynamics on the filter response. In the SC case, such an analysis is complicated by
the fact that the amplifier dynamics are of a continuous time nature while discrete-
time methods have to be used in evaluating the filter transfer function [4-7].

ANALYSIS PROCEDURE

1. Write the differential equations governing the operation of each OA.

2. Obtain the solution of the differential equation and evaluation at t = nT, since
the OA output voltage are continuous functions of time.

3. Use conservation of charge principles at switching intervals to write the equation
to relate various voltages.

4. Take the Z-transform of the equation obtained in steps (2) & (3) and solve
simultaneously to obtain the solution.

Effects of Finite Gain and GB

The actual transfer function H,(w) of an integrated circuit can be given by

H,((O)
1 - M (w) e"i%)]

Ha(w) = [

where M(w) is the magnitude error and 6(w) is the phase error, Hy(w) is the ideal
transfer function, i.e., the transfer function of elements are considered to be the
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ideal. Furthermore, for small errors M(w), 8(w) < 1, the above expression can be
approximately equivalent to

Hj(w)
1 - M(w) — jé(w)

This form is especially convenient for estimating the gain and phase errors of
SC integrators and for evaluating the effects of these errors on the overall filter
transfer function.

The effect on integrator and biquads have been studied [8].

H,(w) =

INTEGRATORS: Assuming that the OA has a finite dc gain A,, it can be shown
for the inverting integrator circuit that M(w) = —1/A, (1 + (C,/2C,;)) and 6(w)
= (C,/C,/2 A, tan (WT/2)). For calculating the finite bandwidth effect in integra-
tors, all the feeding capacitors (if they are more than one) should be summed to
obtain an effective value of C;.

BIQUADS: These circuits are formed by connecting an inverting integrator and a
non-inverting integrator in a feedback loop. When these two integrators have
magnitude errors M,;(w) and M,(w) and assuming large Q-factors, it can be shown
that the biquad pole frequency w, undergoes a fractional change given by

Aw
— = [Ml(wo) + MZ(wo)]

Wp

Similarly, if the inverting and non-inverting integrators have phase errors 6,(w)
and 6,(w), then the realized pole Q-factor, Qy is related to nominal Q, by

Q,

On = 1770, [0:(wy) + ()]

The change in the value of 6 results in a change in the magnitude of the biquad
transfer function T(jw) at resonance given by

lT(jwpk)I - 1
ITa(jwp)I 1+Q [Ql (wp) + Qz(wp)]

When the OAs have both the finite gain and finite bandwidth, then simple
calculus can be used to show that the total deviation is merely the sum of the
deviations caused by the individual non-idealities.

If the clocking frequency f. is at most 1/5 of the OA bandwidth f;, the integrator
phase and magnitude deviations, caused by the finite f;, will be less than 0.04%
for C, < C,. Thus, for f./f, < 1/5 the effects of the finite OA bandwidth are
negligible. Thus, for given values of f, and f,, one should use as low a value for {,
as possible. The frequency deviation in the SC circuits is obviously much smaller
than that of the corresponding active RC-circuits.
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Detailed Generalized Analysis Procedure

The analytical procedure for the analysis of a SC network is summarized below:

(i) Identify the subnetwork NS; (i = 1,2 . . . ) around each OA in the original
SC network N.
(ii) Set up the charge conservation equations (CCE) for the OA input nodes for
given phase (even or odd).
(iii) Identify the coefficient aq, @4, Qogi, @i - - . , €tc. in the CCE in terms of
the ratios of capacitances in the circuit. For example, CCE may be

Vo(t) = ayq V() + @i, Vo(t) + Big Voo + BiaVa + Bir Vi
(iv) Obtain the parameters A;;, Ay, . . . through K;;, K, using the equation
A = exp(—kj.T/2) & kj = jqGB + w,j = 1, 2,

where GB is the gain-bandwidth product and w, is the dominant pole of OA.
(v) Obtain the constraint equation for this given phase yielding the coefficients

Ag;i’ Aagi, B;;i, ngi SRR .Aggi’ Ag;,‘, ngi’ Bg;,' . ..., Ctc.

The constraint equation can be written as:

Vi = Ag Vs + AR Ve + Bin Vi + B Va

(vi) Obtain a passive part from the given SC network by removing all the OAs.
From the Indefinite Admittance Matrix (IAM) of this passive network, obtain
the Definite Admittance Matrix (DAM) after allowing for node contraction
owing to switching and elimination of ground nodes.

(vii) Apply the constraints arrived as in step 5 to the DAM in step 6 to modify
pertinent columns. Subsequently, eliminate the columns corresponding to
the OA input nodes and discard the rows corresponding to the OA output
nodes. This gives the final reduced DAM (Y§) of the active SC network. In
case the input signal source is sampled and held, the coefficient in the con-
straint equations corresponding to the signal node voltage Vi, (z) shall be
zero. Also, Yg can be reduced further by eliminating the column and the
two corresponding to either the even or odd phase part of the input signal
voltage.

(viii) Subject Y, obtained as above, to a standard matrix operation to obtain the
desired network function.

ILLUSTRATION OF THE METHOD

Consider SC Integrator with the nodes numbered a;, p;, q. . In the even phase,
[(n — 1/2) T < t = nT], the CCE is
CilVa(t) = Vi()] — Ci[Va — V] = GIV,(t) — Vo()] — CI[Ve — Vgl

G
C+C

C
V() - 2 —Va+ Vy

Vilt) = C +G
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Comparing this equation:
a g =G/C + Cy By = —ag; 1. =0 = By;; Bp = 1

Assuming A(s) = GB/S

_ _ GB.GC, _ -GBG,
K, = 0GB = C.rC and A, = exp[————c1 TG, T/2]

Therefore,

e — _ C2 _ GBCZ _ _ GBC2
AG = [C1 T G exp( C+G T/2)/[1 exp( C+G T/Z)]

eo — 712 Aee. e — = 0
qu Z AQP’ B‘elp =0-= ng

Similarly, for the odd phase [(n — 1) T <t =< (n — 1/2) T] one has CCE
CZ[Vp(t) - Vq(t)] = CZ[Vpl - Vql]
whichleads to apy = 1, B,y = =1, B = 1

AP = —[exp(—GB.T/2)]/[1 — exp(—GB.T/2)]

AL = —z712 A

By = —exp(—GB.T/2)/[1 — exp(—GB.T/2)] = A%
BE = —Z 12 A

The IAM matrix will be of size 12 X 12, since there are 6 nodes in the circuit,
and each node can be considered separately during even and odd phases. But node
5 is grounded, so it can be discarded. During even phase, a® = 1° and p* = z°, so
two more columns and rows can be eliminated. Further, during odd phase, a° is
disconnected and 1° and 2° are grounded. Thus, the resulting matrix is

- -
ac le pe —_ 2e qe Po qo
p° C, -G 0 0 0
¢ -C CG+C -G G -G
p° 0 -G ¢ -G G
¢ 0 ) -G G -G

0 -G, cC -G G
L -

where C, = —-Z°12C,,i =1, 2.
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Inserting the constraints as given by the equations, one has the DAM (Y§) for
the circuit as

p—

q° q @ )
a G -Ag C, -A3 G
PP —C —G+AE X (C+C) -C+ Ax x (C +C)
~A% G —AR G
po 0 - C2 + Aag C2 _C2 + Aag C2
i A% C, AR C, i

Y can be manipulated to obtain the transfer function V§/Vs = A;/Ay;, where
A;; is the cofactor of Y corresponding to the ith row and jth column. On calculating
the cofactor, one obtains.

Vi@ _ Gl + Z 2 Ke (1 ~ ek
Vi@ C (1-2Z1)(1 - Kz !ek+k)

- GB & _ G
Ki= GB. o5 T/2, K, = GB. T/2, K = =2

COMPENSATION FOR PARAMETER DEVIATION

The finite gain-bandwidth products of OAs offset the frequency response of finite
gain amplifiers (FGA), and consequently, of the circuits that use them. For ex-
ample, the realized pole Q-factor (Q,) and pole frequency (w,) of an active RC-
filter may deviate drastically from the designed values; sometimes even leading to
instability. In oscillators, the actual frequency of oscillation can be widely different
from the desired one. Thus, in order to avoid the undesirable effect of the GBs,
the application of these filters and oscillators is restricted to low frequencies, typ-
ically of the order of a few KHz only.

One way to minimize this problem is to provide passive or active compensation
in the circuits that use these FGA’s.

There are several well known passive compensation techniques that make use
of additional passive components to introduce a controlled amount of phase lead
that cancels the excess phase lag due to the amplifiers limited bandwidth. The main
difficulty with passive compensation is that the additional compensating elements
must be individually tailored to the given OA and adjusted at specific ambient
conditions of temperature and power supply voltage.

With the introduction of low-cost dual and quad OAs having closely matched
characteristics that track with changes in temperature and voltage, it becomes
feasible to consider an active compensation method whereby OA in a circuit pro-
vides compensation for other OA in the same circuit.

OP AMP INTEGRATORS WITH REDUCED EFFECT OF GB

A Deboo Integrator uses grounded capacitor and is a non-inverting type. Although
its Q-factor is higher than that of the Miller-Integrator, the Deboo Integrator is
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quite sensitive to resistor ratio matching and therefore, has limited practical use
[9, 10].

The feedback compensation technique is employed in the circuit of Fig. 1.9(a)
to realize an inverting integrator having an ultra high Q-factor, namely Q = —|AJ’.
This improvement of many orders of magnitude is obtained assuming OA matching.

Another form of active compensation is the feed-forward compensation tech-
nique employed in the non-inverting integrator of Fig. 1.9(b). This is modified
Miller inverter integrator

In another modification, both the feed forward and feedback compensation
techniques are combined to obtain the modified high-Q integrators. This has ultra-
high Q-factor; Qs = —|AP

BIQUADRATIC FILTER SECTIONS

The above better designs of integrators can directly be adopted for designing a
biquadratic filter section as a two-integrator loop. Figure 1.4(a) shows a block-
diagram of the loop consisting of two integrators; one inverting and one non-
inverting. If the integrators ae not ideal but have finite Q-factors Q; and Q,, the
realized pole Q is given by

1

Q= [1/Q + 1/Q, + 1/Q)

To implement the two-integrator biquad, different combination of inverting and
non-inverting integrators can be selected. The final biquad circuit in Figure 1.10
uses the high-Q circuit (Q = —|A[) for two inverting integrators. The result is a
pole Q that is closer to the design value than that obtained in any other circuit.

The introduction of a leading phase to cancel the lagging phase introduced by
the finite bandwidth should extend the point of which Q, enhancement occurs. The
leading phase can be introduced by placing a small capacitor across a feedback
resistor or some suitable resistor R, or R;.. The value of the required capacitor is
given by

4
Cc B Ao W, R3
Offset Effect Reduction

The input offset voltage results in an offset voltage at the output equal to V. times
the closed loop gain. The polarity of V, is random and is typically less than 10
mV.

The two bias currents are nearly equal except for a small difference or offset
current I,. The non-inverting input bias current has no effect. To minimize the
effect of I,, a high value of Req should be avoided. A more commonly used
approach involves introducing a resistor having the value Req between the non-



196

PREM MITAL AND UMESH KUMAR

— € A2
+
R
V; O AN \
A1 O
/ v°
i
FIGURE 1.9(a) High Q (Inverting)
C r
H € AN——
R \
Vi O—WA- - r
T a AV -
/ Al —O
[ t Q =-1Al
FIGURE 1.9(b) Modified Miller-Inverter
€ A2 + A
R
Vio * |
7 x
+ Vo
o
Q; = - 1A

FIGURE 1.9(c)



NON-IDEALITIES OF OP-AMPS 197

R
AL
QR
—AAAA—
| c
1€
| € r
A
o Dy
L AAM— -
r o
: 5 ¥

g

FIGURE 1.10 Biquad using Miller Inverter Integrator

inverting input and ground. This has no effect on the overall gain. However, a DC
offset voltage I, Req is introduced at the non-inverting input. Since the amplifer
is a differential device, the net error voltage due to the offset current is (Ia-Ib)
Req or I, Req. Since I, and I, are typically 80nA and the offset current I, is in the
range of 20nA, a 4:1 reduction is obtained.

OFFSET IN SWITCHED CAPACITOR FILTERS

DC offset is an important effect of OAs used in SC circuits. A scheme was proposed
for eliminating this effect in SC circuits. Its basic principle is that the capacitors of
the offset-free stage are never disconnected from the inverting input terminal of
the OA and, hence, the input-referred DC offset voltage V. cannot affect the
charge transfers. To make this possible, the OA output is short-circuited in every
half clock cycle to the inverting input terminal.

As a result, the OA output voltage V, must switch back and forth between the
desired output signal and V. every half period. Since the size of the signal may
be several volts, while V. is typically 10-20 mV, the slew rate of the OA must be
large. The offset voltage is modeled as a voltage-source at the non-inverting input
terminal. Charge conservation equations are

CiVi + Cy[Va — Va(t)] = C[V4 — Vi(t = T/2)] + C[Va — Vi(t — T/2)]
Vit = T) = Vot = T)

Then, V,(t) = V,(t — T) + C,/C, (t — T/2).
Thus, the relationship between the input and output signal is not dependent on
the offset voltage.
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Another offset-free inverting integrator that does not require such high slew
rates from the OA is shown in Fig. 2.0

Nodal analysis can be used to show that the input/output relations of the circuit
are:

Vo(t) = Vot = T/2) = (ci/Cy) Vi(t) when ¢, = 1
Vot + T/2) = Vy(t) + Ve when ¢, = 1

The circuit performs as an offset-free integrator when ¢ is high and the output
changes by only V4 when ¢, goes high. Physically, C; enables C, to discharge to
— V. during ¢, = 1. C; is precharged earlier to V,(t) — Vi(t) to be able to absorb
charge from C, without a significant change in V,,.

Reduction of Slew-rate Effect

No suitable method has been suggested to overcome the effect of slew-rate. How-
ever, to reduce this effect, the following methods are suggested.

1. To use the OA with a high-slew rate so that limitations of low slew rate could
not be imposed. Such OA may be of BJT type or CMOS type, etc.

2. Input to the filter can be clipped so as to keep the output slope of the OA less
than the slew rate. While this method allows larger signal levels at lower fre-

quencies than amplitude limiting, it creates its own distortion in the form of
higher harmonics.

wptan
Q ST
<P"/ | c Jcr
B RS ¢2 |
~
le—r
2 !
C1
o . J € -
Vin $2 \ +iT- —o0
+ Yo

FIGURE 2.0 Offsetfree Non-inverting Integrator
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CONCLUSION

From the study of imperfections in OAs, it is seen that these imperfections lead
to performance degradation in active filters. All +ve feedback filters have their
value of Q, increased with a decrease in A,/ w,/w,. In addition, the variation in Q
is much steeper for the state-variable filters than for +ve feedback filters.
Values of Q and w, to be realized also affect the deviations in these values (Fig.
3.1and 3.2). But the effect of non-idealities in gain and bandwidth is to increase
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the value of Q. Finite bandwidth, i.e., pole at w,, introduces extra phase lag and
degrades the filter performance.

The effect of slew rate is to induce distortion at the output when input voltage
level is high. DC offset voltage induces an extra voltage at the output, which is
equal to close-loop gain multiplied by input offset voltage.

There is one big advantage of finite gain imperfection. Based on this non-ideal
property of OP AMPs, active R and active C filters are being developed. Various
compensation techniques have been described (active and passive). The concept
of Q factor of integrators have been introduced that must be ideally infinite. By
using active compensation techniques, a Q-factor of as high as A% can be obtained,
where A is the open loop gain of OA. Distortion at output and deviation in
frequency response from that of an ideal OP AMP can be predicted. These can

be taken into consideration in the design process itself, and better filters can be
constructed.
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