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ABSTRACT: The common-mode rejection ability of an instrumentation amplifier degrades with
increasing frequency often resulting in a major portion of the “advertised” bandwidth becoming
unusable due to common-mode noise errors. An optimally designed passive input stage filter can
provide significant improvement in AC common-mode rejection. Calculation of correct component
values and selection of appropriate capacitors holds the key to the solution. A spreadsheet that gives
graphic demonstration of the analysis and performs the necessary calculations to achieve this
improvement is also included.

INSTRUMENTATION AMPLIFIERS & CMRR ERRORS

Instrumentation amplifiers are a very important element in analog signal processing. They provide one
and only one service which is subtracting one voltage from another. Any signal that is common to both
inputs (i.e.: common-mode voltage) must be rejected. Any common-mode voltage that is not rejected is
converted to signal and therefore becomes an error at the output. This common-mode rejection error can
introduce DC offset errors as well. The common-mode voltage may come from a common sensor bias
circuit as shown in Figure 1, or as noise pick-up on long lines from the signal source to the
instrumentation amplifier input pins as shown in Figure 2.
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Figure 1: Common-mode voltage source Figure 2: Common-mode noise
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The ability of the instrumentation amplifier to eliminate the errors caused by this voltage is given by the
Common-Mode Rejection Ratio (CMRR). In the specification tables this value describes performance
at a very low frequency or DC and has minimum value in many applications. The CMRR performance
at higher frequency is usually described by “Typical Performance” curves within the data sheet.
Consider the plot in Figure 3. At a gain of 100V/V the CMRR is seen to decrease from about 105dB at
a frequency of 400Hz. As the frequency increases from this point the CMRR drops at a rate of 20dB per
frequency decade.
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Figure 3: Typical instrumentation amplifier performance curve from data sheet

INPUT FILTER CONSIDERATIONS

Passive one-pole RC filters are commonly used ahead of each instrumentation amplifier input, as shown
in Figure 4.
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Figure 4: Single pole low pass input filters
Conventional wisdom and published recommendations may suggest setting the low-pass filter’s corner

frequency at or near the amplifiers bandwidth, in this case 50 kHz (G=100.) Setting C; = C, = 1.0nF
and R; = R, = 3.18kQ establishes a pole frequency of 50 kHz.

Optimized Instrument Amp. Filter Page 2 of 8 © 2009 Johanson Dielectrics, Inc.

15191 Bledsoe Street, Sylmar, California 91342  (318) 364-9800¢ FAX (818) 364-6100



JOHANSON DIELECTRICS L......m

www.johansondielectrics.com

In figure 5 the output error voltage for a common-mode input of 1V is plotted for the unfiltered
amplifier and with the 50kHz input stage filter. The amplifier gain of 100V/V 1is included in these
calculations. Note that there is little improvement of system CMR due to the 50kHz filter until about
30kHz and signal error ranges between 1 and 35 mV/V from 1kHz to 40kHz. In many applications these
error levels may be undesirable.
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Figure 5: Output error with and without input filter

A CMR OPTIMIZED INPUT FILTER

Let’s examine the error when the input filter pole frequency matches the frequency at which the given
instrumentation amplifier’s CMRR begins to degrade, in this case 400Hz. Setting C; = C, = 47.0nF and
R; = R, = 8.5 kQ establishes a 400Hz pole frequency. Figures 6 and 7 show two different scale views
comparing this filters error signal with the previously discussed examples.
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Adding the CMR optimized input stage filter has increased the effective common-mode rejection range
by over two frequency decades limiting the CM error signal to just 0.5 mV. The trade-off is a reduction
in system bandwidth. If additional bandwidth is required, setting the input filter pole frequency to 1kHz
would limit CMR noise to 1.5mV and a 4kHz filter would hold CMR noise to SmV.
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IMPORTANCE OF FILTER MATCHING

The CMR analysis above assumed that the time constants between the positive and negative amplifier
inputs are perfectly matched, that is R;C; = R2C,. Notice that R; and R, are composed of the fixed
resistors added to the sensor output impedance or the output impedance of the circuit driving this stage.
Any imbalance in time constant between the two input filters will cause a difference signal to appear at
the instrumentation amplifier inputs. This difference in voltage will be amplified and passed on to the
next stage in the signal chain as if it were true signal which will be an error.

Fc=400Hz CM Error
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Figure 6: Output error voltage for various component mismatches

Figure 6 shows the magnitude of the expected error signal at the instrumentation amplifier output for
various component mismatches with a 1Volt common-mode signal based on the 400Hz input filter RC
values. Since the frequency response of each filter depends on that RC product, the instrumentation
amplifier output error is determined by the sum of the of the component differences between the two
sides. Resistors are widely available with a 0.1% tolerance at reasonable cost but tight tolerance
capacitors have limited availability and can be expensive.

X2Y® MATCHED CAPACITOR CIRCUIT

The X2Y® capacitor is a possible solution due to the unique construction as shown in Figure 7. This
device, with the internal reference element, provides a pair of matched, low inductance capacitors in a
single component.
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Figure 7: X2Y™ capacitor construction with new symbol.

The result of this X2Y® construction is a capacitor pair where both halves are matched, voltage and
temperature bias is equalized and aging effects on the dielectric are equal. This construction also
requires a new graphic symbol for schematic drawing.

For conventional ceramic capacitors with £10% or £5% tolerance, a typical 1o distribution will yield a
+7.0% or £3.5% variation in pair matching, respectively. The error curve for this level of mismatch is
shown by the red and blue lines in Figure 6. The typical lo distribution for the X2Y® capacitors from
Johanson Dielectrics Inc. due to the construction topology is #£1.5%. This smaller mismatch yields the
error curve shown as the green line in Figure 6. Additional matching benefits also result due to lower
component mounting parasitics of the single X2Y™® component vs. two discrete capacitors.

DIFFERENTIAL (X) CAPACITOR CONSIDERATIONS

For some high precision applications the small error introduced by even the X2Y™ filter mismatch may
still not be acceptable. It is possible to suppress the error caused by this mismatch with the addition of a
differential filter capacitor labeled Cy in Figure 8.

LS

R
Figure 8: Added differential filter capacitor Cy

The value of Cy is determined by the frequency of the peak error and the attenuation required to reduce
this error to an acceptable level. From the data plotted for Figure 6, the frequency of maximum error is
600Hz. At 600Hz the error is 11.5mV/V of common-mode signal for the +£1.5% curve and 26.9mV/V of
common-mode signal for the £3.5% curve. Determine the attenuation (A) required to meet system
accuracy requirements at the frequency of peak error.

AllowedError
PeakError
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For calculations involving Cy any mismatch in the CMR filter components will not have a significant
impact. Therefore:

Let: R, + R, =2R
anad S _C
C,+C, 2
The required value of Cy to accomplish the needed error attenuation is given by:
2
¢ -4 ¢
- 2af2RA 2

For the example, a 156nF Cx is required to contain the error for the £1.5% mismatch case to ImV, while
a 387nF Cx is required to reduce the £3.5% case to ImV.

Cx improves common-mode rejection, but penalizes signal bandwidth. The frequency response for the
Cx compensated filter can be calculated by:

1
I/out (.f ) =

\/1 + [2@7’2R(Cx +§)

This is the signal chain frequency response and will appear as a single pole filter. The -3dB frequency is

given by:
1 / 1
= —-1
f—SdB C) A2

2]‘[2R(Cx +
2

The resulting -3dB bandwidth is 52.3Hz and 22.9Hz for the two examples.
The results of these calculations show that the improved match inherent in the X2Y® capacitor design

provides more than twice the signal bandwidth of the conventional ceramic capacitors for the same
CMRR performance. All of this is accomplished without the cost of selecting matched capacitors.
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SUMMARY

Input amplifier errors result when common-mode Signals are present on the amplifier inputs. The
Common-Mode Rejection Ratio (CMRR) of Input Amplifiers can be improved at higher frequencies by
employing properly designed input filters featuring balanced time-constants. Some applications may
require an X capacitor across the amplifier input to negate input filter imbalances. Instrumentation
amplifier bandwidth is sacrificed when employing these CM noise reduction techniques. In many
applications, a single X2Y™ capacitor can effectively replace two tight tolerance Y capacitors plus the X
capacitor. A spreadsheet is available containing the calculators and simulation graphs used in this paper
and it’s Appendix.
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APPENDIX 1: CALCULATION PROCEDURES

A spreadsheet program was developed to calculate the system response of an instrumentation
amplifier/input-filter combination to common-mode signals over a frequency band. This Appendix
details the calculation steps so that they might be applied to other amplifier and filter scenarios.

The first task is to capture the amplifier CMR vs. Frequency data. Enlarge the curve from the data sheet
to a full-page size and print it out for easier measurement. Larger size allows more accurate curve
measurement.

For the example in this paper a ratio technique was used to find the values to enter in the spreadsheet.
Consider the following example of enlarged CMR plot of a TI INA121.

The distance between the grid lines measured 25.5mm.

The grid lines are at 20dB increments.

At 1kHz the 100V/V line is 23 mm above the 80dB grid.

Therefore the CMR at 1kHz is:

CMR(1kHz) = 20(%) + 80 =98dB Eq.1

The curve being copied generally gives CMR as a positive number so the actual signal gain of the
instrumentation amplifier, in dB, must be subtracted from it. This calculation gives the common-mode
signal gain through the amplifier as a function of frequency.

Convert this value from db to Volts/Volt at each frequency with the following relationship.

dBGain
Vu% ~10 Eq.2
VCM q.

A plot of this value will give the curve shown in Figure: 5 with the No Filter label.

Estimate the frequency where the CMR vs. Frequency curve parts from the DC value. This will be a
good starting frequency for the corner frequency for the design of the filter. As given in the paper,
select the R and C values to satisfy the expression:

1
-_——-—— E -3
Saas e q
Calculate the filter frequency response from the following equation:
V()= ——— Eq.4

1+ (2nch)2

Multiply this value times the V/V in Eq. 2 to obtain the total system gain. A plot of these values gives
the second curve in Figure 5. It may require some trial and error to find the best value for the corner
frequency.
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APPENDIX 1: CALCULATION PROCEDURES (Cont.)

To calculate the error due to component mismatch set a column in the spreadsheet to compute:
1

—_ 1 —_
D N v N S

Where: € = mismatch ratio. For £5% £ = 0.05
The results of this calculation are presented in Figure 6.

From the data plotted for Figure 6 the frequency of maximum error is 600Hz. At 600Hz the error is
11.5mV/V of common-mode signal for the +1.5% curve and 26.9mV/V of common-mode signal for the
+3.5% curve. Determine the attenuation (A) required to meet system accuracy requirements at the

frequency of peak error.
A AllowedError Eq.6
PeakError

For calculations involving Cy any mismatch in the CMR components will not have a significant impact.
Therefore:

Let: R, + R, =2R
CICZ _ g
C,+C, 2
The required value of Cy to accomplish the needed error attenuation is given by:
2
¢ -4 ¢
- 2af2RA 2

For the example the capacitor values are 156nF for the lesser error and 387nF for the greater error to
reduce the error to ImV. The frequency response for the Cx compensated filter can be calculated by:

1
I/out (.f)= EqS

\/1 + [2@7’2R(Cx +§)

This is the signal chain frequency response and will appear as a single pole filter. The -3dB frequency is

given by:
1 / 1
= — -1 Eq.9
Sosan C) VE q

2]‘[2R(Cx +
2

and

Eq.7

The resulting -3dB bandwidth is 52.2Hz and 22.3Hz for the two examples.
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Graphic to Numeric Conversion of CMR Data
Original datasheet Plot: TI INA121 CMR

This worksheet converts graphical CMR data into 120
numerical CMR data for further simulation. Physical
measurements taken from an enlarged datasheet plot —_ |
for a TI INA121 are entered in the yellow cells and dB 2 100 :_“\
?;[tii |:f ;ﬁ’::rr;ed in the green cells baged on the.mm/db pt \§§~~.~ . G = 1000V
plot (see Eq. 2 of Appendix.) Numerical data el N NN~ L
is replotted in red for a visual confirmation. b 80 N TR i
. T NN | G = 100V
Measurment Ratio Data o \:~~.__
dB/div_| mm/div. | dB/mm o 60 T
20 255 | 0.78431 3 n N
= N ST
Freq. (Hz) baseline (dEDffset (mm|CMRR (dB S 40
10 100 8] 1063 g T G = 10V/V
30 100 8] 106.3 s N
60 100 81063 o 20 T
100 100 8] 106.3 G=1WV
200 100 8] 1063 LU
300 100 79 106.2 0
400 100 7 105.5 10 100 1k 10k 100k 1M
500 100 5 103.9
600 100 3| 1024 Frequency (Hz)
700 100 1.5 101.2
800 100 0 100.0
900 80 242 99.0 INA121 CMR (G=100V/V) Recreated
1,000 80 23 98.0 120
2,000 80 15.5 92.2
3,000 80 11 88.6 .
4,000 80 7.8 86.1 400 a
5,000 80 53 84.2 2 \\
6,000 80 322 82,5 = N\
7,000 80 1.5 81.2 880 N
8,000 80 0 80.0 3 N
9,000 60 24.2 79.0 50 T—
10,000 60 23 78.0 °
20,000 60 15 71.8 g
30,000 60 11 68.6 =40
40,000 60 9 67.1 S
50,000 60 8 66.3 =
60,000 60 7 65.5 €20
70,000 60 6.5 65.1 8
80,000 60 6 64.7
90,000 60 55 64.3 0
100,000 60 5 63.9 10 100 1,000 10,000 100,000 1,000,000
1,000,000 60 0 60.0 Frequency (Hz)

Rev: 02/19/2009 © Copyright 2009 Johanson Dielectrics, Inc. Download the latest version of this spreadsheet at http://www.johansondielectrics.com/x2y



Filter Response Calculator

This worksheet calculates and plots Instrumentation Amplifier output results based on a 1V common mode input.

Calculator#2 below plots an alternate filter design. Both unfiltered and filtered signals are plotted and the single pole input
filter frequency may be changed. The CMRR and amplifier gain may be changed to reflect other devices.
Equations from the white paper are referenced.
Yellow cells may be changed, green cells are calculated results.

FILTER CALCULATOR #1

Eq. 1 Eq. 2 Eq. 4

In. Amp Filter with Fc=
Freq (Hz) [CMRR (dB)| Gain (dB) ha ! u&
10 106.3 40 0.48560 0.9997 0.48544

30 106.3 40 0.48560 0.9972 0.48424

60 106.3 40 0.48560 0.9889 0.48022
100 106.3 40 0.48560 0.9701 0.47110
200 106.3 40 0.48560 0.8944 0.43433
300 106.2 40 0.49000 0.8000 0.39200
400 105.5 40 0.53148 0.7071 0.37582
500 103.9 40 0.63668 0.6247 0.39773
600 102.4 40 0.76270 0.5547 0.42307
700 101.2 40 0.87333 0.4961 0.43329
800 100.0 40 1.00000 0.4472 0.44721
900 99.0 40 1.12455 0.4061 0.45672
1,000 98.0 40 1.25325 0.3714 0.46545
2,000 92.2 40 2.46693 0.1961 0.48380
3,000 88.6 40 3.70363 0.1322 0.48949
4,000 86.1 40 4.94445 0.0995 0.49199
5,000 84.2 40 6.19665 0.0797 0.49415
6,000 82.5 40 7.47697 0.0665 0.49736
7,000 81.2 40 8.73326 0.0570 0.49823
8,000 80.0 40| 10.00000 0.0499 0.49938
9,000 79.0 40| 11.24554 0.0444 0.49931
10,000 78.0 40| 12.53254 0.0400 0.50090
20,000 71.8 40| 25.80862 0.0200 0.51607
30,000 68.6 40| 37.03629 0.0133 0.49377
40,000 67.1 40| 44.36687 0.0100 0.44365
50,000 66.3 40| 48.55953 0.0080 0.38846
60,000 65.5 40| 53.14840 0.0067 0.35431
70,000 65.1 40| 55.60298 0.0057 0.31773
80,000 64.7 40| 58.17091 0.0050 0.29085
90,000 64.3 40| 60.85745 0.0044 0.27047
100,000 63.9 40| 63.66805 0.0040 0.25467
1,000,000 60.0 40| 100.00000 0.0004 0.04000

AEq. 1 AEq. 2 AEq. 4

Rev: 02/19/2009

Eq. 3> f= 400|Hz Convert Cap. Units
Eq. 3> C=| 4.70E-08|Farads Enter nF: 47
Eq. 3> Rcalc= 8466|Ohms* Result F: 4.70E-08
* Resistor values should be between 2 and 10KQ
Output Error with 1V CM signal in
10.0
9.0 //
8.0 = = Unfiltered '
70 with Fc= 400Hz /
- /
E 6.0 /
2 5.0
o> /
4.0
/
3.0 /’
2.0 /
1.0 3
-
0.0
100 1,000 Frequency (Hz) 10,000

100,000
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Filter Response Calculator

Use this calculator 2 to calculate and generate a comparison plot of other RC combinations with the CM optimized filter above.

FILTER CALCULATOR #2

Eq. 1 Eq. 2 Eq. 4
INA Gain [ Filter @ [ with Fc=
Freq (Hz) |CMRR (dB)|  (dB) m 1000Hz | 1000Hz
10 106.3 40| o0.48560]  1.0000] 0.48557
30 106.3 40] 0.48560]  0.9996] 0.48538
60 106.3 40] 0.48560]  0.9982] 0.48472
100 106.3 40] 0.48560]  0.9950] 0.48319
200 106.3 40| 0.48560]  0.9806] 0.47617
300 106.2 40]  0.49000]  0.9578] 0.46933
400 105.5 40| 053148]  0.9285] 0.49347
500 103.9 40| 0.63668]  0.8944] 0.56946
600 102.4 40] 0.76270]  0.8575]  0.65401
700 101.2 40| 0.87333]  0.8192] 0.71546
800 100.0 40]  1.00000]  0.7809] 0.78087
900 99.0 40]  1.12455]  0.7433]  0.83587
1,000 98.0 40] 125325  0.7071] 0.88618
2,000 92.2 40| 246693  0.4472] 110324
3,000 88.6 40| 3.70363]  0.3162]  1.17119
4,000 86.1 40|  4.94445]  0.2425]  1.19920
5,000 84.2 40| 619665  0.1961] 1.21526
6,000 82.5 40|  7.47607]  0.1644]  1.22021
7,000 81.2 40| 873326]  0.1414] 1.23507
8,000 80.0 40 10.00000]  0.1240]  1.24035
9,000 79.0 40] 11.24554]  0.1104]  1.24186
10,000 78.0 40| 12.53254]  0.0005]  1.24703
20,000 71.8 40 25.80862]  0.0499] 1.28882
30,000 68.6 40 37.03629]  0.0333] 1.23386
40,000 67.1 40| 44.36687]  0.0250] 1.10883
50,000 66.3 40] 48.55953]  0.0200]  0.97100
60,000 65.5 40] 53.14840]  0.0167] 0.88568
70,000 65.1 40] 55.60208]  0.0143] 0.79425
80,000 64.7 40 58.17091]  0.0125] 0.72708
90,000 64.3 40 e60.85745]  0.0111] 067615
100,000 63.9 40| 63.66805]  0.0100] 0.63665
1,000,000 60.0 40] 100.00000]  0.0010]  0.10000

AEq. 1 AEq.2  AEq.4

Rev: 02/19/2009

Eq.3>
Eq.3>
Eq.3>

10.0

Error (mV)

9.0

8.0

N
=}

o
o

o
o

»
o

@
o

2.0

1.0

0.0

f= 1000|{Hz Convert Cap. Units
C=| 2.20E-08|Farads Enter nF: 22
Rcalc= 7234|Ohms* Result F: 2.20E-08
* Resistor values should be between 2 and 10KQ
Output Error with 1V CM signal in
= = Unfiltered '/
with Fc= 400Hz I
with Fc= 1000Hz /
/
e .\ | | ‘ [
| | TTIT0
100 1,000 10,000

Frequency (Hz)

100,000
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Time Constant Error Plot & Xcap Calculator

This worksheet calculates and plots output error results due to unequal input filter time constants based on a 1V common mode input. The theoretical
minimum value X capacitor (Cx) needed to attenuate this error is calculated based on Peak Error, Peak Error Frequency, and Desired Error entered from the
red cells in the CM Error Calc table. Resulting system bandwidth is also calculated. (Blue cell values are imported from Filter Calculator#1. Yellow cells may
be changed, green cells are calculated results.)

Eq. 5 Eq. 5 Eq. 5 Eq. 5

Eq. 1 Eq. 2 Eq. 4 | CM Error Calc: Filter @400Hz
In. Amp Filter @ | with Fc= Eq.3> f= 400|Hz

Freq (Hz) |CMRR (dB)| Gain (dB)| Gain | 400Hz | 400Hz | 0.10% | 1.50% | 3.50% | 7.00% Eq.3> c=| 4.70E-08|Farads
10 106.3 40| o0486] 1.000] 0485 0.001 0.019 0.044 0087] Eq.3> Rcalc= 8466|Ohms*
30 106.3 40| o0486] 0997 0484 0.011 0.167 0.390 0.781
60 106.3 40| o0486] 0989 0480 0.044 0.653 1.523 3.046 X-Cap Calculator
100 106.3 40| o0486] 0970 0471 0.114 1.712 3.994 7.986 X2Y | 5% MLCC
200 106.3 40| 0486] 0894 0434 0.358 5366] 12519 25.019 Peak Error 11.521 26.887|mv
300 106.2 40| 0490 o0800] 0392 0.576 8.640] 20155 40277 Peak Error f 600 600|Hz
400 105.5 40| 05311 o707 0376 0707| 10606] 24745 49.467 Desired Error 1.00 1.00{mv
500 103.9 40| 06371 0625 0398 0762| 11.427] 26.664] 53331 Attenuation:|  0.08680]  0.03719 Eq. 6
600 102.4 40| 0763 0555 0.423 0768] 11521 26.887] 53.805 cx=| 1.56E-07| 3.97E-07 Eq. 7
700 101.2 40| 0873 o0496] 0433 0748 11221 26.190] 52436 f(3dB)= 52.15 22.28[Hz |<Eq.9
800 100.0 40| 1.000] 0447 0447 0716] 10734| 25.056] 50.186
900 99.0 40| 1.125]  0.406] 0457 0678 10.176] 23755 47505
1,000 98.0 40 1253 0371 0465 0.640 9606| 20427 44.947
2,000 92.2 40| 24671 o0196] 0484  0377]  5658] 13214] 26513 Fc=400Hz CM Error
3,000 88.6 40| 3704 0.132] 0489 0.260 3.896 9.100] 18.264 60 I T 1 110
4,000 86.1 40| 4944 0100 0492 0.197 2.956 6.904| 13.858 55 I e e
5,000 84.2 40| 6.197] 0.080| 0.494 0.158 2.378 5.553|  11.147 50 ’Z ¢ Ideal -
6,000 82.5 40| 74771 o0067] 0497 0.132 1.987 4.641 9.316 45 ——oV® i
7,000 81.2 40| 8733 0057 0498 0.114 1.706 3.985 8000 . 40 / \ 5% Cap. |
8,000 80.0 40 10.000] 0.050] 0.499 0.100 1.495 3.491 7.008] E 35 im
9,000 79.0 40 11.246] 0044 0499 0089|1330  3106] 6234] 5 5 / \| | ——10%cap.
10,000 78.0 40 12.533]  o0.040] 0.501 0.080 1.197 2.797 setal W \
20,000 71.8 40 25.809] o0.020] 0.516 0.040 0.600 1.401 2.812 20 \
30,000 68.6 40 37.036] 0013 0494 0.027 0.400 0.934 1.875 s / \
40,000 67.1 40| 443670 0010  0.444 0.020 0.300 0.701 1.407 / # R
50,000 66.3 40| 48560 o0.008] 0.388 0.016 0.240 0.561 1.125 10
60,000 65.5 40| 53148] 0007 0.354 0.013 0.200 0.467 0.938 5
70,000 65.1 40| 55.603] o0.006] 0318 0.011 0.171 0.400 0.804 0 &=
80,000 64.7 40| 58.171 0.005 0.291 0.010 0.150 0.350 0.703 10 100 1,000 10,000 100,000
90,000 64.3 40| 60.857| 0.004] 0.270 0.009 0.133 0.311 0.625 Frequency(Hz)
100,000 63.9 40| 63668] 0004 0255 0.008 0.120 0.280 0.563
1,000,000 60.0 40| 100.000]  0.000]  0.040 0.001 0.012 0.028 0.056
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