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An ESL-cancelling circuit for a film capacitor using vertically

stacked coupled square loops
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An ESL-cancelling circuit for a film capacitor using vertically stacked
coupled square loops is reported in this paper. The circuit is applicable
for shunt-connected capacitors whose equivalent series inductance
(ESL) causes deterioration of filter performance at frequencies above
the self-resonant frequency. Two pairs of magnetically coupled
vertically stacked loops are used in the circuit those can equivalently
generate negative inductance in the shunt path to cancel the ESL and
improve filter performance. The ESL-cancelling circuit for a 1-pF film
capacitor was designed according to Biot-Savart law and EM-analysis,
then was fabricated with an FR4 substrate. The measured result
showed that filter performance was improved by more than 20-dB at
the frequencies above the self-resonant frequency. Sqq.; less than -40 dB
at 1 MHz to 100 MHz was also achieved which is, in principle, difficult
to realize with any kind of single bulky shunt-connected capacitor.
keywords: EMC, Equivalent series inductance (ESL), Filter. Film capacitor.

1. Introduction

A shunt connected capacitor have been normally and
widely used as a filter circuit in a broad range of electronic
devices. Figure 1 shows a simplified configuration of a
shunt-connected capacitor which simply consists of a
capacitance connected in shunt between a differential pair.
However, in practical, two parasitic components, equivalent
series inductance (ESL) and equivalent series resistance
(ESR), are added shown as Lgsp and Rgsr in the figure.
Although the filter works well as intended at frequencies
below the self-resonant frequency of the shunt path, on the
other hand, filter performance is deteriorated at frequencies
above the self-resonant frequency where Lgsi becomes
dominant. This problem is unavoidable in principle due to
physical size of capacitors, and particularly can be
exacerbated when a bulky film capacitor is required for its
high voltage durability.

Recently, various configurations have been reported those
can improve the deterioration caused by ESL [1]-[4]. In the
configurations, magnetic coupling is utilized to add negative
inductance to the shunt path, which can reduce, or
sometimes cancel, ESL of the shunt path and improve the
deterioration of filter performance as illustrated in Fig. 2.
Note that when ESL is completely cancelled to be zero, the
lowest value of filter performance merely depends on ESR.

In this paper, an ESL-cancelling circuit using vertically
stacked coupled square loops is proposed and a prototype
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evaluation result for a 1-uF film capacitor is presented. At
first, frequency characteristic of a filter circuit which simply
consists of a 1-uF film capacitor connected between a
differential pair is measured, and the measured result
showed that self-resonant frequency is | MHz, and that filter
performance is deteriorated at frequencies above 1 MHz.
Considering this circuit as a reference circuit, an ESL-
cancelling circuit using vertically stacked coupled square
loops is designed according to Biot-Savart law and EM-
analysis. The designed result showed that the square loops
with a side of 12 mm can improve filter performance by
more than 20 dB at frequencies above the self-resonant
frequency. Finally, a prototype configuration is fabricated,
and the measured result showed good agreement with the
designed result, which demonstrates the effectiveness of the
proposed circuit.

2. Configuration

Figure 3 shows a configuration of an ESL-cancelling
circuit for a film capacitor using vertically stacked coupled
square loops, and Fig. 4 shows conductor patterns on the
dielectric substrate in Fig. 3. A film capacitor is connected
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Fig. 1 A simplified configuration of a shunt-connected capacitor.
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Fig.2 Improvement of filter performance by an ESL cancellation.
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Fig.3 A configuration of an ESL-cancelling circuit for a film capacitor
using vertically stacked coupled square loops.
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Fig. 4 Conductor patterns on the dielectric substrate in Fig. 3.

in shunt between a differential pair, and square loops on the
upper and the bottom surface of the substrate are connected
before and after the shunt connection point to configure
vertically stacked coupled square loops. Figure 5 shows the
equivalent circuit of this configuration, where the shunt path
is represented by an RLC series circuit (R: Rgsr, L: Lgst, C:
(v), and two pairs of vertically stacked coupled square loops
are represented by inductors magnetically coupled and
connected before and after the shunt connection points (self-
inductance: Lo, mutual inductance: Mo).

In general, magnetic coupling shown by dots in Fig. 5 is
known to be equivalent to a transformation that adds a
positive inductance (+My) to the self-inductance and a
negative inductance (-Mp) to the shunt path. By applying this
transformation to the circuit shown in Fig. 5, equivalent
circuit can be obtained where negative inductance (-2Mo)
exists in the shunt path as shown in Fig. 6. Therefore, by
designing the vertically stacked coupled square loops to
satisfy 2Mo=Lgst, the inductance of the shunt path can be
canceled to zero and the deterioration of filter performance
due to ESL of the shunt path can be improved.

3. Design

Before designing the ESL-cancelling circuit using
vertically stacked coupled square loops, ESL of the shunt
path (Lgst) must be cleared first. Figure 7 shows a reference
configuration where a 1-pF film capacitor is connected in
shunt between a differential pair on an FR4 substrate
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Fig.5 An equivalent circuit of the configuration shown in Fig. 3.
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Fig. 6 A circuit obtained by applying an equivalent transformation to the
magnetic couplings shown in Fig. 5.
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Fig.7 A reference configuration.

(thickness: 0.8 mm, & 4.5, tand: 0.017, size: 100 mmx=100
mm). Figure 8 shows measured S of the reference
configuration, where Sgq21 has minimum of -67.2 dB at a
self-resonant frequency of 1 MHz. With these values, Lgs.
and Rgsr can be obtained from

1
e (1)
21/ LgsLCo
and
2Rgsr
Min. S, ==, 2
M. 54d21 Zo + 2Rpsn ()

as Lgsi=25.3 nH and Rgsp=20m(), where f; is the self-
resonant frequency and Z, is the characteristic impedance of
the differential pair (100Q). An electromagnetic- (EM-)
analysis model of the reference configuration can be then
made as show in Fig. 9. The film capacitor is modeled by a
metal block and wires, and RLC series circuits (R: Rgsr/2,
L: Lgm/2, C: 2C)p) are inserted in the middle of the wires.
Note that Lgw is optimized to 11.4 nH which is smaller than
Lesy of 25.3 nH, since the metal block and the wires
themselves have self-inductances those depend on their own
shapes and sizes. Four 50Q-Ports are placed between edges



2022 International Conference on Emerging Technologies for Communications (ICETC 2022)

Saan [dB]

T L (1 MHz, -67.2 dB)
-80 T R A T A S AT RS AR

10k 100k IM 10M 100M 1G
Frequency [Hz]

Fig. 8 Measured Sqq1 of the reference configuration.
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Fig.9 The EM-analysis model of the reference configuration.

of the differential pairs and the measurement jigs modeled
by metal blocks. EM-analysis results of Sqq21 with initial and
optimized values of Lgm are shown in Fig. 10 where Sqazi
with optimized Lgm meets well with the measured result.

Initial size for the vertically stacked coupled square loops
can be estimated by considering coupled loops as shown in
Fig. 11, where two square loops of ideal lines with a side of
a are placed 4 apart in the vertical direction from each other.
By applying Biot-Savart law, mutual inductance between the
loops (M) can be obtained from

Mz%[z{\/h2+2a2—2\/h2+a2+h}

+2a {arctanh ( ) — arctanh (

a a

VRZ ¥ a2 mm )
where po is permeability of a vacuum [5]. Fig. 12 shows
M(a) with #7=0.8 mm, from which initial value of a can be
estimated as 12.5 mm since 2My=Lgst is almost satisfied.

Figure 13 shows an EM-analysis model of the ESL-
cancelling circuit for a film capacitor using vertically
stacked coupled square loops and Fig. 14 show conductor
patterns on the FR4 substrate. The model is based on the
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Fig. 10 EM-analysis results of Sga1 with initial and optimized Lgw.
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Fig. 11 A configuration to estimate initial size for the coupled loops.
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Fig. 12 EM-analysis results of Sga1 with initial and optimized Lgw.

model of the reference configuration shown in Fig. 9; two
sets of vertically stacked coupled square loops of inner area
of axa mm? are added at the shunt connection points, and
other settings are the same. Figure 15 shows EM-analysis
results with initial and optimized values of a. Although even
when a is its initial value of 9.0 mm, S4q21 is improved by 10
dB above the self-resonant frequency. However, further
improvement can be expected since loops in the EM-
analysis model lack part of them, unlikely to ideal closed
loops shown in Fig.11, and so that mutual inductance is
supposed to be smaller than expected from (3). In this study,
a was optimized to 12.0 mm to meet the design goal of Sqa1
being less than -40 dB from 1 MHz to 100 MHz, as shown
by the solid line in Fig. 14.
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Fig. 13 The EM-analysis model of the ESL-cancelling circuit for a film
capacitor using vertically stacked coupled square loops.
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Fig. 14 Conductor patterns on the FR4 substrate in Fig. 13.
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Fig. 15 EM-analysis results of the ESL-cancelling circuit with initial
and optimized values of a.

4. Measurement

Figure 16 shows the fabricated prototype of the ESL-
cancelling circuit using double-sided FR4 substrate
(thickness: 0.8 mm, & 4.5, tand: 0.017, size: 100 mmx=100
mm). Fig. 17 shows measured Saq21, which meets well with
the EM-analysis result, demonstrating that Sqq21 is improved
by more than 20-dB above the self-resonant frequency and
that Sgq21 is less than -40 dB from 1 MHz to 100 MHz.
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Fig. 16 The fabricated prototype of the ESL-cancelling circuit for a film
capacitor using vertically stacked coupled square loops.
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Fig. 17 Measured Sy of the fabricated prototype.

5. Summary

An ESL-cancelling circuit for a film capacitor using
vertically stacked coupled square loops is reported in this
paper. The configuration for a 1-pF capacitor was designed
and fabricated according to Biot-Savart law and EM-
analysis. The measured result showed good agreement with
the EM-analysis result and demonstrated more than 20-dB
improvement of Sqs21 above the self-resonant frequency,
indicating the validity of the proposed configuration.
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