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Improve Instrument Amplifier Performance
with Optimized EMI Filter

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

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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COMMON-MODE REJECTION
vs FREQUENCY
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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 C1= C2=1.0nF and R1=R2= 3.18Kk[] establishes a pole frequency of 50 kHz.
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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 is
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
C1=C2=47.0nF and R1= R2= 8.5 k[ 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 5SmV.
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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 R1C1 = R2Cz2. Notice that R1and Rz 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 1VVolt 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.
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EMI Filter CIRCUIT

The EMI Filter 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: EMI Filter construction with new symbol.

The result of this EMI Filter construction is 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 107 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 1(7 distribution
for the EMI Filters from Johanson Technology 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 EMI Filter vs. two discrete capacitors.

DIFFERENTIAL CONSIDERATIONS
For some high precision applications the small error introduced by even the EMI 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 labelled Cx in Figure 8.
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Figure 8: Added differential filter capacitor Cy

The value of Cxis 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.

B Allowed Error
PeakEvrror

A
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For calculations involving Cxany mismatch in the CMR filter components will not have a
significant impact. Therefore:

Lei: R, + R, =2R
C,C, C

and ——— = —
C,+C, 2

The required value of Cxto accomplish the needed error attenuation is given by:

V-4 C

O 2af2RA 2

For the example, a 156nF Cx is required to contain the error for the £1.5% mismatch case to
1mV, while a 387nF Cx is required to reduce the +3.5% case to 1mV.

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

| 1
Vo (F)= _,
| —

1+ EﬁQR[CI+%J]

'\'|

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

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 EMI Filter
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 EMI Filter 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.

Let us show you the advantages of using EMI Filters in your products.
Johanson Technology Inc can provide application engineering assistance,
application specific laboratory test results and product samples.

Try our brand new online tool which easily identifies the exact part
number(s) required to eliminate unwanted RF spikes.

Available now:

GET STARTED »

www.johansontechnology.com/spike-eliminator

For product samples or more technical information, please contact your local
representative or visit our website:

www.johansontechnology.com/multi-function-emi-filters
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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.l

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.

80

v
w2107 2 Eq.2
A‘.‘-f 4

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
Joag = ——— Eq3

27RC
Calculate the filter frequency response from the following equation:

V()= — Eq4

1+ @ RO

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
V.(f)=— = —— _ Eq.5
) J1+ QR -¢)f 1+ QarRA1+e)f a

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.

e AllowedError

Eq.6
PeakError

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

Let: R + R, =2R
i O €
¢, +C, 2

The required value of Cxto accomplish the needed error attenuation is given by:

¢ -x-4 ¢ Eq.7
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
ermr (.f )= f 3 E(]_8
2;11'2}3((.1 + %)]

l"] +

\I

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

—

1 1

f_mﬁ = \,'I? - Eq.9

272R| C, +£
S 2

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

This worksheet converts graphical CMR data into
numerical CMR data for further simulation. Physical
measurements taken from an enlarged datashest plot
fior a T INA121 are entersd in the yellow cells and dB
data is retumed in the green cells based on the mmidb
ratio of the plot (see Eq. 2 of Appendix.) Mumerical data

is replotied in red for a visual confirmation.

Measument Ratio Data

dBMdiv_ | mmidiv. [ dBimm

20 | 2585 [ 0.78431
Freg. (Hz) jaseline [d§0ffset (mmCMRBR (dB
10 100 [] 1063
30 100 [] 1063
60 100 [] 1063
100 100 [] 1063
200 100 [] 1063
300 100 i.p 11062
400 100 T 105.5]
500 100 5 1039
500 100 3 102.4]
700 100 1.5 101.2]
500 100 0 100,10
200 [1] 4.2 2.0
1,000 [1] 3 [
2,000 [1] 155 2.2
3.000 [1] 1 [
4,000 [1] 7.8 851
5,000 [1] 5.3 4.2
6,000 [1] 322 52 5
7,000 [1] 1.5 1.2
8,000 [1] 0 50.0|
2,000 [1] 242 7.0
10,000 [1] 23 78.0]
20,000 [i1] i5 71.8
30,000 [i1] 11 688
40,000 [i1] a 7.1
50,000 [i1] [] 65.3)
60,000 [i1] 7 5.5
70,000 [i1] 8.5 65.1
80,000 [i1] ] E4.7]
90,000 [i1] 5.5 54.3]
100,000 [i1] 5 53.9]
1,000,000 [:1] 0 0.0

Filter Response Calculator

www.johansontechnology.com

Original datasheet Plot: TI INA121 CMR

This workshest calculates and plots Instrumentation Amplifier output results based on a 1V common maode input.
Calculator2 below plots an altemate filter design. Both unfiterad and fitered 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 Fllter with Fc=

Fraq (Hz) |CMRR (08)| Gain jo8) I 00S
10 106.3 41 0.£6:560 0.5957| 0.25544]
H 106.3 41 D.£6:560 0.5972| 0.£5424]
=] 106.3 41 D.£6:560 0.5569 0.£6022|
100 106.3 41 D.£6:560 05701 0.47110]
200 106.3 41 D.£6:560 0.6244| 023435
300 106.2 41 0.£5000 0.6000| 0.35200|
200 105.5 41 0.53143 07071 037582
500 1039 41 0.53563 D.E247] 0.35773|
500 024 41 0.76270 0.5547| 0.£2307]
700 1012 41 0.57333 D.4281 0.£3329|
800 100.0 41 1.00000 044721 024721
30 900 41 1.12455 0.40E1 0.45672
1000 96.0 41 1.25325 03714 0.£6545]
2,000 g2 41 2 46583 01961 0.483E0|
3000 BE.6 41 3.70363 0.13224 026240
4000 B6.1 41 494245 D.0955| 0.£5159|
£.000 B84.2 41 E. 19665 00757} 022415
E.000 825 41 747657 D.06ES| 055736
T.000 B1.2 41 B.73326 0.0570| 0.£5523|
E.00D 80.0 40| 10.00000 D.0424| 0.£2235|
5,000 790 40| 1124584 004441 0.£%831
10,000 760 40| 1253354 0.0400| 0.50020|
20,000 718 40| 2580862 0.0200| 051607
30,000 BB.6 40| 3703529 00133} 055377
40,000 B7.1 40| 44.36687 0.0100| 024365
50,000 66.3 40| 4B55353 0.00ED| 038546
60,000 B5.5 40| 53143140 D.006T| 03543
70,000 631 40| 5550258 0.0057| 0.TT3
50,000 64.7 40| SE. 17051 0.00ED| 0.250E5)
a0,00d 64.3 40| BO0.85745 00044 027047
100,000 629 40| B366305 00040 0.254E7)
1,000,000 0.0 40| 100.00000 00004 0.04000|

~Eq 1 “EqQ2  “Eq 4
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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 fiter above.

FILTER CALCULATOR #2
Eq.1 Eq.2 Eq.4
1A Gain Filler @@ | with Fo= Eq.3 > = 1000]Hz Convert Cap. Units
Fraq Hz) |cMRR jog)|  oB) 500 W000Hz_ | 1000Hz Eq.3> c-| 220E-8[Farate Erteren: =
10 1063 | o0<esen|  ioom0| o0s4ess7|  Eq3s|  Reales 7234| ohme” remune| 2=
= 106.3 40| opeesen| pooss| p.esas * REGIADT valies sholld be batwean 2 and 10KD
& 1063 an| oeesen|  oooms|  n.mar
100 106.3 40{ 0.4B560) 059501 046319 Cutput Error with 1V CM signal in
200 1063 40| 04esen|  oosle|  oaretd]
300 106.2 40| 0.4com0 0o578|  0.46333| in.o
ana 1055 4| o0s53148]  osoes|  o.4sa47] i
500 1039 40| 0eeees|  oeoad|  0.5esdn a0
500 1024 40| o7ezvo|  oes7s|  0ssant . L e |
700 1m.2 4| oavaas]  oetse|  oo1s4 i
800 100.0 4| 1ooopo]  o7eos|  o.7s0sd] 0 WiN Fo= 400HZ |
900 98.0 40| 1124s5]  o743a|  oosased] wiih Fz= 1000Hz f
1,000 560 a 12ss| o7on| osmsie| Feo
2,000 o2z 40| zeeso3]  oa4rz] toosm| o /
2,000 66 a0| arosea]  oates]  1a7me| £ s
4,000 BE.1 40| 4oaass|  poass|  1.1sgon) /]
5000 842 4| e1sses|  oroer| 12152 40 7
£,000 525 40| 74vear| 04| 1z3Em . A
7,000 1.2 40| ersazs|  oa4nd|  1zeso7] 7
£.000 B0.0 40| 1oopooo[  oiaza0] 1243 an y
5,000 79.0 40| 1124554  ooine] 124188 =
10,000 78.0 40| t12sass4|  ooess| 124709 .- -
20,000 718 41| cssosez|  ooase|  1.28sen = anl| [ T1
30,000 e 4| s7ossza|  nosaa|  1.z3aeg oo | - [ [ [1
40,000 671 40| s43ese7|  oooso|  1.tpees) 100 10 .. 10,00 100,000
S0.000 663 40| ses5m953]  ooooo|  oaTiog Frequency (Hz)
50,000 55 40| sai4s40]  ooier|  D.sesed
70,000 651 40| sseoss|  o0143|  o.7sasy
50000 647 40| seivost|  oozs|  o7ovos
90,000 643 | sossras|  oon|  osrer
100,000 539 40| 6asea0s|  o.0i00|  0.53665
1,000,000 50.0 40| 1oooooo|  oooin|  o.toooo)
“Eq1 “Eq.2z  “Eq.4

Time Constant Error Plot & Xcap Calculator

This workshest calculates and plots output emor results dus to unegual input fiter ime constants based on a 1V common made input. The theoretical

minimum wvalue ¥ capacitor (Cix) needed to attenuate this error is calculated based on Peak Emor, Peak Emor Frequency, and Desired Emor entered from the
red cells in the CM Ermor Cale table. Resulting system bandwidth is also cabeulated. (Blue cell values are imperted from Filter Calculator#1. Yellow cells may
b= changed, green cells are calculated results.)

EQ5 EQ.5 Eq. 5 Eq 5
Eqg. 1 Eq. 2 Eq. 4 CM Emor Cale: Fliter @400Hz
n.Amp Fiter _ Eq 3>
Freq (Hz) |CMRR (dB8)) Gain (dB)| G3ain 400Hz ADDHzZ 0 1.50% 3.50% T.00%

10| 106.3 40 0.4585 1.000 0.455] o.oad D13 D.044] 0.0ET|
30 108.3) 40 0.4885) 0,007 .46 0.1 D167 0.350] 0.781
80 106.3 40 0.4585 0.8l 0. 0044 D653 1.523 3.046]
00| 106.3] 40 0. 456 0070 .47 17| 114 1712 3954 7.9E6)|
2001 106.3] 40 0. 458 0 FDd] 0,454 0358 5365 12 519 25019
00 108.2) 4 0.490) 0.500 0.302) DLETE: B.540 20.155| 40.277|
400 105.5] 40| 9.537 2.707 0.378] 0707 10,606 24745 40457
S00| 103.9| 0] 0.837| 0625 0.3048] 0752 11427 26664 53.331
00| 102.4) 4 0.783| 0.555| 0.423) O.75E 1521 26.567) £3.505|
T 181.2] 40 873 040 0.43.3] 0O.748 123 26180 52436
B0 T100.01 4 1.000) 0.447) 0.447] O.T1E 10,734 25.056) £0. 186
oo 20.0 40| 1.125| 040 0.45 DETE 10176 23.755| 47 585
71,000 06.0) 0] 1.253| 0.377| 0.455| (R 608 22 427 44,947
2000 922 4 2.487) .70 0.454| 0377 55658 13214 26.513)
2,000 B5.49) 40 3.704| 0133 0469 0250 389 5104 15.254)
£,000 1 4 4 04d) 0,708 0.402) 07 2955 6904 13.555|
5,000 84.2 40| 8197 0.080 0.404] D158 2378 5.553] 11.147|
5,000 §2.5] 0] 7477 0067 0.407] 0132 1987 4,811 9.316]
7000 81.2) 40| 8733 0.057) 0.408] 0114 1706 3365 8.000|
000 B0.0) 40 10.000) 0050 0.409) (iR ] 1495 3481 7.008|
0000 7.0 40 112465 0044 0,400 OLDED 1330 3106 6.234|
10 000 7E.0 40| 12533 0.040 0.507| 0030 1197 2757 5.614]
20,0001 71.8 40| 25800 0.020 £.574] DO 0600 1.401 2.812]
30,0001 86.4] 40| 37.036 0.073] 0,404 0.027 0400 0,934 1,875
40,000 ar.1) 40| 44387 D.oe 0,444 0020 0.300 0704 1.407|
50,000 88.3 40| 45530 0L00E| 0,368 006 0240 0561 1.125]
60,0001 85.5] 40| 53.14F| 2.007| 0.354) 0013 0200 0467 0.935]
70,000 85.1) 40| 55 &35 000 0,378 0.aii [ Riral 0400 0.504|
50,0001 84.7] 40| 58171 0.005 0.201] 00D 0150 0350 0.703]
20,000 8d.3 40| 80857 0,004 8.279) 0005 0133 0311 0.625]
100,000| 83.9) 40| 85 538 0004, 0,255 00O 0120 0280 0.563|
1,000,000 800 40| 100000 0.000 0,040 0.oat 02 0023 0.056|

JOHANSON
TECHNOLOGY

M)

Ef. 3=
Eq 3>

(Vi

&0

S0

40

30

20

10

= 400|H
C=| 4. TOE-D¥|Farads
Feaic= §468| Ohme”
X-Cap Calculator
EMI Filter | s% mLcC
Peak Emor| 11.521 26_B8T | mv
Peak Emor EDD EQO0|Hz
Deslred Emor| 1.00 1.00[m\
Attenuation: 0.03630 D.0371% EqQ. B
Cx=| 1.96E-07| 3.97TEOT Eq. 7
fl3dB}= 52135 2328z |<Eq 8
Fo=400Hz CM Emor
T EO ]
- a—ldzal i
f —| —®—EMIFilter {7
\ —o—g%Cap. ]
J' \l —e—10% Cap.
2l
T
/ [l \! b
/) N
5 M
10 100 1,000 'D:D]IJ 100,000
Frequency{Hz)
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