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Interference suppression using a balanced MLCC

An innovative capacitor design can provide more RFl suppression in a substantially smaller
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often employed in hostile noise environ-

ments. Sensor lead cables may pick up sub-
stantial RF radiation, particularly if they are
long and/or not well shielded. When applied
to the input of an instrumentation amplifier,
RF AC common-mode voltages can result in
DC rectification, and a consequential shift in
the output operating point of the instrument
amplifier.

This article compares a traditional solu-
tion vs. a new solution for RFI suppression us-
ing a balanced multi-layer ceramic capacitor*
(MLCC) to improve common-mode rejection
and prevent DC rectification in instrumenta-
tion amplifiers (In-amps).

INSTRUMENTATION AMPLIFIERS ARE

TRADITIONAL SOLUTIONS

Traditional common-mode filtering ap-

proaches include low pass filters comprised

of capacitors and common-mode chokes?.

The characteristics of an ideal RFI suppres-

sion filter are:

+ Inserts no attenuation or phase distortion
within the signal pass band.

+ Inserts infinite attenuation outside the
pass band.

« Is perfectly balanced, which introduces
no conversion of common-mode noise to
differential signals, or vice-versa.

When using a capacitor, the dielectric
material is an important consideration
when choosing a RFI filter. For example,
microphonic (piezoelectric) effects in X7R
type dielectric can cause unwanted signal

package.

distortion. To preserve signal fidelity, ampli-
fier manufacturers often specify high quality
plastic film capacitors.

A common starting point is to simply
apply a pair of capacitors as low-pass filters;
one capacitor to each trace of the differential
input. The capacitive filter in each leg rejects
RFI above the cut-off frequency (Figure 1).

The common-mode and differential pass
band that results is simply:

pole em = V(2" "R * C)).
However, mismatches between the R1A/
C1A, and R1B/C1B causes the response near
the filter cut-off to be unequal. This mismatch
converts a substantial amount of common-
mode noise to differential noise. Mode
conversion from this filter arrangement can
easily reduce the specified 80-140-dB CMRR
of a high quality instrumentation amplifier to
30 dB or less. The traditional solution to this
problem is to bridge a large value ‘X’ capaci-
tor across the two Y’ capacitors. The large ‘X’
capacitor effectively shorts the sig_out nodes,
and thereby equalizes response differences of
R1A/C1A and R1B/C1Baround the common-
mode cut-off frequency (Figures 2 and 3).
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Figure 1. 2 'Y’ common-mode RFl filter.
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Figure 2. X'+ 2 'Y’ common-mode RFl filter.
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Figure 3. Signal vs. RFl filtering: 4 kHz => “X” + 2 “Y", 220 pF “Y.”

The ‘X’ capacitor shunt has two effects:
+ The desired effect of common-mode balancing
+ An undesired side effect of differential signal filtering

In order to reduce effects of imbalance, we need C2 >> C1.
The differential signal pole appears at:

—F . . *C/(2*C)+C)~C/(2"C)

pole_dm pole_cm

The greater the mismatch between the two R1X/C1X
networks, the greater the required ratio between C2 and
C1 and hence the more differential signal bandwidth we
surrender in the name of RFI filtering. While resistors with
0.1% or better match are readily obtainable, typically, high
quality film capacitors are limited to +/-2% tolerance. Addi-
tionally, any mismatches from board layout, manufacturing
tolerances, or residue can subvert the value of expensive tight
tolerance devices.

COMMON-MODE CHOKES
As an alternative to RC low-pass filters, a common-mode
choke may be used. In a CM choke based filter, the choke
inserts a series inductance in each leg. Coupling between the
individual inductors cancels flux from differential currents,
and adds flux from common currents. An ideal common-
mode choke with perfect matching and coupling between the
windings is completely transparent to differential signals, and
presents very high impedance to common-mode noise.

The primary advantage of a CM choke is that the signal
pass band can extend into the CM reject band. To do so, the
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source and the load should both be low impedance, such as
50-150-Ohm transmission interfaces. High load imped-
ance loads limit attenuation, as do practical manufacturing
tolerances of the choke, and the application PCB. A further
problem to watch out for is high Q capacitive loads. The re-
sulting filter can peak strongly around the cut-off frequency,
which can result in noise gain (Figure 4).

A BALANCED MLCC SOLUTION

An X2Y capacitor is a balanced MLCC solution having three
separate electrical pathways within a single device that are
attached to four external connections (Figure 5):

The G1 and G2 terminations connect internally to a com-
mon reference (shield) electrode within the device, and the
A&B plates are separated by the reference electrode. Electro-
statically, the three electrical nodes are formed by two capaci-
tive halves that share common G1/G2 reference electrodes all
contained in a single ceramic body. The result is a balanced
device that offers unique advantages to circuits that require
low distortion and high common-mode rejection:

+ Both capacitive halves are automatically matched

+ Voltage and temperature bias are equalized

+ Aging effects on the dielectric are equal

+ Dielectric stresses (piezoelectric effects) are opposed
within the device.

This unique single component construction facilitates a
balanced board layout; Where separate filter devices shunt
unwanted currents to PCB board ground using separate
paths, the balanced device shunts unwanted currents using
ashared path; first to the internal G1/G2 reference electrode,
then to PCB circuit ground through the parallel G1/G2 ter-
mination connection to a single pad on the board.

The internal plate structure of the balanced MLCC solu-
tion forms an Integrated Passive Circuit (IPC) with very in-
teresting magnetic properties. The device structure effectively
functions like an autotransformer/common-mode choke.
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Figure 4. Common-mode choke function.
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Figure 5. X2Y capacitor.

EMC DIRECTORY & DESIGN GUIDE 2007



WEIR / MUCCIOLI

This transformer structure by its geometry dramatically
reduces parasitic inductance and is effective into the GHz.
The ESR of the multi-layer X2Y capacitor ranges from about
100 milliohms for the smallest capacitors, down to a few mil-
liohms for the larger devices. At frequencies well above the
mounted capacitor SRF, inductive impedance dominates. To
understand operation, we simplify to neglect the series ESR,
and capacitances, and examine the differential and common-
mode signal responses:

For A to B difference signals, the autotransformer appears
as an inductor with twice the turns as the A < G1/G2 ‘wind-
ing’, and hence four times the inductance. Conversely, for
common-mode potentials from A and B to G1/G2 the fields
oppose, and the remaining inductance is the difference of
the A < G1/G2 inductance, and coupling factor times the B
<> G1/G2 inductance.

COMPARING CAPACITIVE SOLUTIONS
The inductive coupling in the X2Y capacitor serves to bal-
ance the currents in each half of the device and therefore
the complex common-mode impedance presented by each
filter leg to PCB ground. Combined with the inherent, tightly
matched capacitance, the IPC preserves high CMRRs, not
only at audio frequencies but up into the low GHz, without
a performance compromising ‘X’ capacitor.

For example, consider an instrument amplifier using a
traditional 3-capacitor X’ + 2 ‘Y’ filter (Figure 7).

Compared to the same amplifier with a single 10nF rated
X2Y capacitor,® The ‘X’ capacitor in the conventional circuit
appears in the differential signal path. For the values shown
in Figure 10, differential roll-off begins at 2 kHz, while com-
mon-mode filtering does not begin until 40 KHz.

Difference potentials see an
inductor of 2X 'turns', = 4X
inductance of a single
‘winding'.

Common potentials
generate opposing fields,
and see only the leakage
inductance.

Figure 6. Differential/common-mode behavior of X2Y.
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Figure 7. Instrument amplifier w/traditional ‘X’ + 2 Y’ RFl filter.
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Figure 8. X2Y RFl filter.
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Figure 9. Signal vs. RFl filtering: 4 kHz => 10 nF.

On the other hand, the balanced X2Y circuit contains
only two ‘Y’ capacitors. The cut-off frequency for both the
common-mode and differential signals is now the same: 4
kHz. Because of the tight balance between capacitor halves,
piezo-electric effects are equal and opposite, canceling out.
This allows us to use ceramics with the X2Y capacitor yield-
ing little or no signal distortion, where we could not with the
traditional discrete filter.

For both circuits, common-mode rejection increases
from the common-mode cut-off at 20 dB/decade until the
self-resonant frequency of the mounted capacitor is reached.
Attenuation then decreases at 20 dB/decade until stabilizing
at the ratio of device mounted ESL divided by the combined
ESL and the circuit series inductance.

The 2-Y’ configuration of the X2Y capacitor exhibits lower
effective inductance than conventional capacitors. This af-
fords much greater RFI attenuation than a discrete solution
with similar signal bandwidth.

For the circuit response shown in Figure 10 above, the
balanced MLCC solution maintains a 33-dB advantage from
100 KHz to over 100 MHz, and a significant advantage at
all higher frequencies. In this example the X2Y capacitor
signal bandwidth is 4 kHz versus 2 kHz for the conventional
configuration. Setting the device’s signal bandwidth to 2
kHz would increase the insertion loss advantage of the X2Y
to 39 dB+.

TEST RESULTS

Test circuits were constructed using the:

« Traditional X’ + 2 Y’ capacitor configuration shown in
Figure 7.
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y X2Ye | Discrete flm | Common Mode S
Parameter | 4one" lionF+220pF+2200F  Choke | Comments
DC offset shift  [<0.1uV <0.1uV 360uV Referred to input
Commen mode | g44g 92dB 69dB

rejection

Table 1. Comparative test results.
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Figure 10. RF| attenuation, X2Y® vs. “X"+2 "Y.”

+ Common-mode choke solution shown in Figure 4.
+ Balanced MLCC filter shown in Figure 5.

The inputs were shorted together with a 50-Ohm shunt to
ground and driven with a 1 V p-p, 1 KHz to 10 MHz sweep
signal as measured at the input shunt.

All three filters performed as expected, suppressing RFI
rectification that would be visible as a shift in the DC output.
Both capacitive circuit solutions exhibited very good com-
mon-mode rejection.

CONCLUSIONS
The novel construction and equivalent circuit of the balanced
MLCC is uniquely suited to RFI suppression applications:

+ Compared to the traditional X’ + 2 ‘Y’ filter, a single
balanced MLCC simplified the filter circuit, using signifi-
cantly less space on the printed circuit board to achieve
the same result as three plastic film capacitors.

Figure 11. Test setup for instrumentation amplifier.
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+ Compared to the common-mode choke solution, this
device provided significantly more RFI suppression in a
substantially smaller package.

+ The X2Y capacitor uses standard X7R dielectric instead
of specialized film dielectric to provide cost effective RFI
suppression in a dramatically smaller package than both
traditional filter solutions tested.

Only X2Y capacitors have the combined features—tightly
matched capacitors and integrated GHz common-mode
magnetics. In addition to use as RFI input filters, the ampli-
fier circuit was further improved by substituting one X2Y
capacitor in place of the four conventional capacitors used
for power bypassing, allowing for further simplification, size
reduction and cost savings.
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