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introduction
This revision obsoletes the previous revision of this App
Note, and covers additional material.

This App Note shows a simple component pre-distortion
method that works for many popular Sallen-Key (also
called KRC or VCVS [voltage-controlled, voltage-
source]) filter sections. This method compensates for
voltage-feedback and current-feedback op amps.
Several examples illustrate this method.

KRC active filter sections use an op amp and two
resistors to set a non-inverting gain of K. Resistors and
capacitors placed around this amplifier provide the
desired transfer function. The op amp’s finite bandwidth
causes K to be a function of frequency. For this reason,
KRC filters typically operate at frequencies well below
the op amp’s bandwidth (f << fagp).

Pre-distortion” compensates for the op amp’s finite

bandwidth by modifying the nominal resistor and
capacitor values. The pre-distortion method in this App
Note compensates for the op amp’s group delay, which
is approximately constant when f << fags.

One possible design sequence for KRC filters is:

1. Design the filter assuming an ideal op amp (K is
assumed constant over frequency)
e Select components for low sensitivities
e Do a worst case analysis
e Do atemperature analysis

2. Pre-distort the resistors and capacitors to
compensate for the op amp’s group delay

3. Compensate for parasitic elements

Filter Component Pre-distortion

This section outlines a simple pre-distortion method that
works for many popular Sallen-Key filters using current-
feedback or voltage-feedback op amps. Other more
general pre-distortion methods are available (see
Reference [4]) which require more design effort.

To pre-distort your filter components:
1. Calculate the op amp’s delay:

1 9(f)

N ——

where ¢(f) is the op amp phase response in degrees,
and f. is the cutoff frequency (passband edge
frequency) of your filter.
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e Subtract the phase shift caused by your
measurement jig from any measured value of
o(fc)

e The group delay is specified at f. because it has
the greatest impact on the filter response near
that frequency

o Other less accurate estimates of the op amp
delay at f; are:

e Step response propagation delay
o 1/(2nfagp)

2. The time delay around the filter feedback loop

(tlectrical loop delay) adds to the op amp delay.
For this reason,
¢ Make the filter feedback loop as physically short
as possible
o If you need greater accuracy in the following
calculations, use the electrical loop delay (teiq)
instead of the op amp delay (t.a):
Teid € Toa
See Appendix B for information on calculating
Teld-
3. Replace K in the filter transfer function with a simple
approximation to the op amp’s frequency response
e Start with a simple, single pole approximation:
K (—K/(1 +1:°as) , S=jo
o Alter the approximation to K and simplify:
¢ Do not create new terms (a coefficient times
a new power of s) in the transfer function
after simplifying
e Convert (1+1,.5) to the exponential form (a
pure time delay) when it multiplies, or
divides, the entire transfer function
¢ Do not change the gain at ® = @, in allpass
sections
e The most useful alterations to K are:

K K. 1-(‘:03/2)5
1+ (10a/2)s

1+ 71,8 -
= K(1 - ‘roas)

All of these approximations are valid when:
o <<V

4. Use an op amp with adequate bandwidth (fsqs) and
slew rate (SR):
fage = 10fy

SR > 564V, ai
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where fy is the highest frequency in the passband of
the filter, and Vpeax is the largest peak voltage. This
increases the accuracy of the pre-distortion
algorithm. It also reduces the filter's sensitivity to op
amp performance changes over temperature and
process. Make sure the op amp is stable at a gain of
A, =K.

Appendix A contains examples using transfer functions.
The next section will apply the results from Appendix A.

KRC Lowpass Biquad

The biquad shown in Figure 1 is a Sallen-Key lowpass
biquad. Vi, needs to be a voltage source with low output
impedance. Ry and R, attenuate Vi, to keep the signal
within the op amp’s dynamic range. Using Example 3 in
Appendix A, we can show:

& ~ H° . e_Toas
Vi 1+ (1(0,Q,))s + (1/2)s?
®, O, << 1/70q
where:
a=R;/(R1+R;)
K=1+R¢/R,
H, = aK
Riz =R Il Ry)
1/(05Qp) =R12Cs(1-K) +RyCyq +RyCy
1/02 =R;R3C4C5 +K1R1,Cs

After selecting o and Ry, calculate Ry and R; as:
Ry =Rz /a

R; =Ry /(1-a)

Figure 1: Lowpass Biquad

To pre-distort this filter:
1. Design the filter assuming K constant (.3 = 0). Use
low values for K so that:
e 1, will have less impact on the biquad's
response
e For voltage-feedback op amps, T, will be
smaller (t.a = K divided by the gain-bandwidth
product)
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2. Recalculate the resistors and capacitors using the
pre-distorted values of o, and Q, (®ppEa and Qppqy)
that will compensate for t,,:

Yoipa = Y0pnom —KrodR12Cs
= R12R3C4C5

(@500 Qu60) = V(@ pr0mQpiom)
= R1205(1 b K) + R3C4 +R12C4
where @pmnomy and Qpromy are the nominal values of
op and Q,
3. Repeat step 2 until o, = ®ppom aNd Qp * Qpom) »
where:
o2 =1fo2,q +KieR12Cs

Y(©Q5) =Y(@ 560 Qp00)

Design Example

The circuit shown in Figure 2 is a 3rd-order Chebyshev
lowpass filter. Section A is a buffered single pole
section, and Section B is a lowpass biquad. Use a
voltage source with low output impedance, such as the
CLC111 buffer, for Vin.

Figure 2: Lowpass Filter

The nominal filter specifications are:
f. = 50MHz (passband edge frequency)
fs = 100MHz (stopband edge frequency)
A, = 0.5dB (maximum passband ripple)
As=19dB (minimum stopband attenuation)
H,=0dB (DC voltage gain)

The 3rd-order Chebyshev filter meets our specifications
(see References [1-4]). The resulting -3dB frequency is
58.4MHz. The pole frequencies and quality factors are:

Section A B
oy/2n  [MHZz] 53.45 31.30
Qp [1 1.706 —_—

Overall Design:

1. Use the CLC111 for section A. This is a closed-
loop buffer
o fagg = 800MHz > 10f, = 500MHz
e SR = 3500V/us, while a 50MHz, 2V,

sinusoid requires more than 250V/us

e T, ~ 0.28ns at SOMHz
e Cpin11y = 1.3pF (input capacitance)



2. Use the CLC446 for section B. This is a current- Iteration 0 1 2 3
feedback op amp KtoaR128Css | 2.527 | 1.981 | 2.105 | 2.078
o fs = 400MHz ~ 10f, = 500MHz (ns?]
* SR =2000V/us > 250V/ps (see ltem #1) 0p/ 21 [MHz] | 47.15 | 55.18 | 53.08 | 53.53
* Ta~036nsatSOMHz _ Q [1 | 1.934[1.653 | 1.718 | 1.703
e Cpius = 1.0pF (non-inverting input capaci-
tance) : .
3. Use 1% resistors (chip metal film, 1206 SMD, 3. The resulting components are:
25ppm/°C)
4. Use 1% capacitors (ceramic chip, 1206 SMD, Component initial Adj\lﬁ::: Standard
100ppm/°C)
5. Use standard resistor and capacitor values Rig 96.0Q | 78.90 78.7Q
6. See Reference [6] for the low-sensitivity design Ros 1920 | 188Q 158Q
of this biquad. Ris 627Q 58202 576Q
Cas 4.7pF 3.7pF 3.6pF
Section A Pre-distortion: Chi(ass) —_ 1.0pF 1.0pF
We selected R;a for noise, distortion and to Csg 47pF 47pF 47pF
properly isolate the CLC111’s output and Coa. Re 3480 3480 3480
The pole is then set by C,a. The pre-distorted Rgs 6960 69602 6980

value of Ria, that also compensates for Cpj114),

is (see Example 1 in Appendix A): Figures 3 and 4 show simulated gains for the following

Ria = (@ p —7ca)/(C2 +Crigin) conditions:
The resulting components are in the table 1. Ideal (Initial Values, 1, = 0)
below: 2. Without Pre-distortion (Initial Values, 1,5 # 0)

e The Initial Value column shows the values 3. With Pre-distortion (Standard Values, 7. # 0)

before pre-distortion s

e The Adjusted Value column shows the
values after pre-distortion, and adjusting Coa 0 :J—_:‘
for Cpig111) 5 \
e The Standard Value column shows the _ ‘Q
nearest available standard 1% resistor and Q .10 \\
capacitor values £ !
8 15 \
Component Value -20 N
Initial | Adjusted | Standard 25 2 \X:\
Ria 108Q | 100Q 100Q " 3 N\
Co 47pF 47pF 47pF i 08
Cuirg | — | 1.3pF | 1.3pF HoEreT Frequency ()

Section B Pre-distortion:
1. The design started with these values:
Cl)p(nom) = 21[(53.45MHZ)

Figure 3: Simulated Filter Magnitude Response

Qp(nom) = 1.706 1.5
Kg = 1.50 2 — |
og = 0.667 10 —/T\
Cag + Chiase) = 4.7pF 3 \
Csg = 47pF g 05 1
2. lteration 0 shows the initial design results. £ \ ,4
lterations 1-3 pre-distot Rz and R to & 00 - y“
compensate for the CLC446's group delay: 1 A
05 X _—
Iteration 0 1 2 3
T 53.45 [ 63.21 | 60.65 | 61.21 T o " oot
[MHz] Frequency (Hz)
Qop(pd) [1 11.706 | 1.443 | 1.503 | 1.490
R [Q] |64.00 | 50.17 | 53.32 | 52.63 Figure 4: Simulated Filter Magnitude Response in
Rag [Q] | 627.0 | 571.9 | 584.9 | 581.9 the Passband
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SPICE Models

SPICE models are available for most of Comlinear's
amplifiers. These models support nominal DC, AC, AC
noise and transient simulations at room temperature.

We recommend simulating with Comlinear's SPICE
models to:

o Predict the op amp’s influence on fiiter response

e Support quicker design cycles

Include board and component parasitics to obtain a
more accurate prediction of the filter’s response, and to
further improve your design.

To verify your simulations, we recommend bread-
boarding your circuit.

Summary

This App Note demonstrates a component pre-distortion
method that:

Works for popular Sallen-Key filter sections

Is quick and simple to use

Shows the op amp’s effect on the filter response
Gives reasonable op amp selection criteria

Appendix A and the Design Example section contain
illustrations of this method.

Appendix A- Transfer Function Examples
Example 1:

Single pole section, K in the numerator:

Moo K

Vo 1+(Yo,)s

Yo, =14
where 1, is a time constant set by resistors and
capacitors.

To include the op amp’s group delay, substitute for
K and simplify:
Mo 1 K
Vi, 1+(’t1)$ 1+71,,S
K
1+(Yo,)s
Yo, =74+,

;0,0 <<1tga

Notice that:
e There are no new powers of s in the transfer
function

e Changing the resistor and capacitor values can
compensate for 1o,

e The approximation is reasonably accurate when
f << fayp

To pre-distort this filter section, recalculate the
resistors and capacitors using the equation:

Ty =10, - T
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Example 2:
Single pole allpass section, K times the numerator:

vV, 1-(Yo,)s
-0 1z K
Via 1+(1/03p)s
1/(Dp = T1
1/(‘)2 =72
where 11 and 1, are time constants set by resistors

and capacitors. This section operates as an allpass
filter when:

T1 =12

To include the op amp’s group delay, substitute for
K and simplify. Since this is an allpass transfer
function, the approximation to K does not change
gain at o=wy:

l/_e_z1'(12)s.1'(r°°/2)s K
Vi 1+(t)s 1+(100/2)s

. 1-(Yo,)s K
1+ (Yo, )s

®, Oy, 0 << 15,

Yo, =Ty +75/2
Yo, =11+75/2

Notice that:
e There are no new powers of s in the transfer
function

e The gain at o, does not change (this is an
allpass section)

+ Changing the resistor and capacitor values can
compensate for 1o,

¢ The approximation is reasonably accurate when
f << faas

To pre-distort this filter, recalculate the resistors and
capacitors using the equations:

1, =10, —1a/2
Ty =Yoo, —1,/2

Example 3:
Biquad section, s term in the denominator that
includes K:
V, 1

-\Ez 1+(1/(copr))s+(1/m§)Sz
1/(mep) =14 +Kr,
1/m§ = ‘t§
where T4, T, and t; are time constants set by

resistors and capacitors.

To include the op amp’s group delay, substitute for
K and simplify:



A7 1
Vi 1+ (1:1 + K(1 - TmS) . 12)5 + (‘cg)sz
1
R (V(0pQ,))s + (1/o2)s?
o, 0, <<t
1/(copr) =14 +Kr,
1/(0,2, =12 —K1,7T0,

Notice that:
e There are no new powers of s in the transfer
function

e Changing the resistor and capacitor values can
compensate for e,

e The approximation is reasonably accurate when
f << fags

To pre-distort this filter:
1. Design the filter assuming K constant (t.a = 0).
2. Recalculate the resistors and capacitors using
the pre-distorted values of o, and Q, (0ppq and
Qppq)) that will compensate for et
1/ ® g(pd) = 1/ co'z,(nom) +K,7,,
2

= 13
1/ ("’ p(pd)Qp(pd)) = 1/ (‘0 p(nom)Qp(nOM))
=7 + KTZ
where @prnom and Qppom are the nominal values
of op and Q,
3. Repeat step 2 untl o, ~opmm and

Q, ~ Qp(nom)» Where:
Yor = Yohes ~Krate
Y(©6Qp) = 1/(0 o0 Qe )

Example 4:
Biquad section, s
multiplied by K:
V, 1

W ) 1+ (1/(0) pr))s + (1/0):)52
1/(0)pr) =14
1/m§ =Kr3

where t4 and 1, are time constants set by resistors
and capacitors.

2

term in the denominator

To include the op amp’s group delay, substitute for
K and simplify:

Vo 1
Voo 14 (x5 + (15 -K/(1+ 7oa8))s
TS

oa

"1+ (1/(mpop))s + (1/033)52

o, 0, <<1/1
[ oa

1/(mep) =Ty+Toq
1/(0: =Kz3 + 1474,

Notice that:

e The (1+15,8) factor in the numerator was
converted to the exponential form, which
represents a constant group delay

e There are no new powers of s in the transfer
function

e Changing the resistor and capacitor values can
compensate for 1,

o The approximation is reasonably accurate when
f<<fius

To pre-distort this filter:

1. Design the filter assuming K constant (1., = 0).

2. Recalculate the resistors and capacitors using
the pre-distorted values of o, and Q, (©ppq and
Qpea)) that will compensate for zga:

2 2
Yolen = 1® Eaom ~ Tt

=Kr3
V(05600 = 1(©promQprom) ~ os
= ‘[‘1
where @ppnom) @nd Qpom) are the nominal values
of wp and Qp
3. Repeat step 2 untl o, =o0ppm and

Q, ~ Qp(om) » Where:
1/0): = 1/m§(pd) +T4Toa
1/(05Q5) = V/(© ppe) Qo) + Toa

Appendix B- Electrical Loop Delay
Tad Can be calculated as:

Told = X /E¢ky /c""coa

where:

o Xx is the distance around the filter feedback loop,
excluding the op amp

o ¢ is the equivalent relative permittivity of the PCB
trace

e u.isthe equivalent relative permeability of the PCB
trace
c is the speed of light in free space (3.00 x 108 m/s)
Toa iS the op amp group delay at f,

For a typical printed circuit board,
gives:

g1, =20. This

Teig & X-(0.067 ns/ cm) + 14,
where X is in centimeters, and 1, iS in nanoseconds.
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