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The relative sensitivity of y to x is defined as
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and is useful for optimizing component values in filter designs. Designing for low
sensitivity is a way to minimize variations in filter parameters due to component
tolerances.

1  Low-Pass Filter
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Fig. 1. Sallen-Key low-pass filter schematic.
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Fig. 2. Sallen-Key low-pass filter Bode plot.
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1.1 SENSITIVITY
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1.2 COMPONENTS AS RATIOS
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1.2.1 Minimizing Resistor Sensitivity
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Substituting n into Q and solving for m,

m=1+40*(K -1),
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If Cis chosen, then R can be calculated from «, as

R= Zw;QC. (17)
1.2.2 Minimizing Capacitor Sensitivity
Sgl = gz = 0 for
wQ(R1Cy + RyGp) = m 1 L (18)

A-Kymn+m+1 2

However, the ratio expression has a minimum value of 1, so the minimum capacitor
sensitivity is Sgl =— gz =1/2 and occurs when K = 1.

1.2.3 Monte Carlo Simulation

The circuit used to generate the plot was designed for K = 1, wy = 27 - 1000,
and Q = /2 (Fig. 3). The resistor and capacitor tolerances were set to 1% and 5%,
respectively.
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Fig. 3. Sallen-Key low-pass filter Bode plot of 100 Monte Carlo samples.



1.3 RESISTORS AS RATIOS AND EQUAL CAPACITORS
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High-Pass Filter
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Fig. 4. Sallen-Key high-pass filter schematic.
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Fig. 5. Sallen-Key high-pass filter Bode plot.

2.1 SENSITIVITY
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2.2.1 Minimizing Capacitor Sensitivity
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Substituting n into Q and solving for m,
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If Cis chosen, then R can be calculated from wj as
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2.2.2 Minimizing Resistor Sensitivity

S§, = S§, = 0 for
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However, the ratio expression has a minimum value of 1, so the minimum resistor

Q- _Q

sensitivity is 55 = —Sg = 1/2 and occurs when K = 1.



2.2.3 Monte Carlo Simulation

The circuit used to generate the plot was designed for K = 1, 0y = 27 - 1000,
and Q = /2 (Fig. 6). The resistor and capacitor tolerances were set to 1% and 5%,
respectively.
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Fig. 6. Sallen-Key high-pass filter Bode plot of 100 Monte Carlo samples.

2.3 RESISTORS AS RATIOS AND EQUAL CAPACITORS
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If Cis chosen, then
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Fig. 7. Sallen-Key band-pass filter schematic.
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Fig. 8. Sallen-Key band-pass filter Bode plot.
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3.1 SENSITIVITY
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3.2.1 Minimizing Resistor and Capacitor Sensitivities
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Minimizing the component sensitivities is more easily solved numerically with

constraints set on the upper and lower bounds of the component ratios.

If Cis chosen, then R can be calculated from wj as

R= v1i+m

"~ o "

3.2.2 Example MATLAB Script
%% Specifications

K= 1;

HO = 0.5;

wO = 2*pixle3;

Q = sqrt(2);

C = 10e-9;

%% Sensitivity optimization
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X0 = ones(1l, 3); % Initial values for m, n, and o
1b = 0.01xones (1, length(x0)); % Lower bound
ub = 100*ones(1l, length(x0)); % Upper bound

fun_wrapper = @(x) fun(x, K);

nonlcon_wrapper = @(x) nonlcon(x, K, HO, Q);

[x, fval] = fmincon(fun_wrapper, x0, []1, [1, [1, [1, 1lb, ub,
nonlcon_wrapper);

m = x(1);
n = x(2);
o = x(3);
R = sqrt(l + m)/(wo*xCxsqrt(mxn*o));

%% Functions

function f = fun(x, K)

m = x(1);
n = x(2);
o = x(3);

HO_K = 1/(1 + (1 - K)*m + (1 + o)*m/n);
S_Q_R1 HO_K - 1/(2*x(1 + m));

S_Q_R2 = HO_K*x((1 + o)*m/n) - 1/2;

S_Q_R3 = HO_K*x((1 - K)*m) - m/(2*x(1 + m));
S_Q_C2 = HO_Kx(mxo/n) - 1/2;

S_Q_Cl1 = -S_Q_C2;

% Sum of all the absolute sensitivities to be minimized
f = abs(S_Q_R1) + abs(S_Q_R2) + abs(S_Q_R3) + abs(S_Q_C1)
+ abs(S_Q_C2);

end
function [c, ceq] = nonlcon(x, K, HO, Q)
m = x(1);
n = x(2);
o = x(3);
c = [1;
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% Constrain the parameters to meet the specified HO and Q
ceq(l) = HO - K/(1 + (1 - K)yxm + (1 + o)*m/n);
ceq(2) = Q - (sqrt(1l + m)xsqrt(mxn*o))/((1 + (1 - K)*m)*n
+ (1 + o)*xm);
end

3.2.3 Monte Carlo Simulation

The circuit used to generate the plot was designed for K = 1, Hy = 0.5, vy =
27 - 1000, and Q = /2 (Fig. 9). The resistor and capacitor tolerances were set to 1%

and 5%, respectively.
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Fig. 9. Sallen-Key band-pass filter Bode plot of 100 Monte Carlo samples.
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