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Characterization of Multi-Layer Ceramic Chip Capacitors up to
mm-Wave Frequencies for High-Speed Digital Signal Coupling

Tsugumichi SHIBATA ', Fellow and Yoshito KATO'™*, Member

SUMMARY  Capacitive coupling of line coded and DC-balanced digi-
tal signals is often used to eliminate steady bias current flow between the
systems or components in various communication systems. A multi-layer
ceramic chip capacitor is promising for the capacitor of very broadband sig-
nal coupling because of its high frequency characteristics expected from the
downsizing of the chip recent years. The lower limit of the coupling band-
width is determined by the capacitance while the higher limit is affected by
the parasitic inductance associated with the chip structure. In this paper, we
investigate the coupling characteristics up to millimeter wave frequencies
by the measurement and simulations. A phenomenon has been found in
which the change in the current distribution in the chip structure occur at
high frequencies and the coupling characteristics are improved compared
to the prediction based on the conventional equivalent circuit model. A new
equivalent circuit model of chip capacitor that can express the effect of the
improvement has been proposed.

key words: coupling capacitance, MLCC, high-speed digital signal, mm-
waves

1. Introduction

Advances in information technology have promoted the ex-
pansion of the data transmission capacity in various com-
munication systems. The AC coupling technique of prop-
erly coded digital signals is often used in the communication
systems. DC-balanced line codes are used not only in long-
distance communication channels but also in board-to-board
and chip-to-chip interconnections. The use of signal cou-
pling by a capacitor eliminates steady flow of bias current
between systems or components, thereby reducing power
consumption and increasing the degree of design freedom
for stable operation of each circuit. In order to realize ideal
coupling of high-speed digital signals for such applications,
a broadband transmission characteristic from the low end to
the high end of frequencies is required for the coupling ca-
pacitor.

Recent years, Multi-Layer Ceramic chip Capacitors
(MLCCs) have been widely utilized as surface-mounted
components of printed circuit boards for variety of elec-
tronic equipments and systems. The large capacitance with
very small chip size has been realized thanks to the tech-
nology that enabled to fabricate a huge number of layers in
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Fig.1 (a) A photograph of a multi-layer ceramic chip capacitor, and (b)
its internal structure.
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Fig.2 (a) An example of frequency -characteristics of MLCC’s
impedance Z and equivalent series resistance ESR measured up to
6 GHz[10], and (b) a conventional equivalent circuit model of the MLCC
including equivalent series inductance ES L and resistance ES R.

the structure of MLCC, which have been greatly contributed
to miniaturize electronic equipments and devices [1], [2].
This reduction in chip size is expected to improve the high-
frequency characteristics of capacitors, too. The speed of
data transmission handled on the board is increasing from
Giga-baud to dozens of Giga-baud level, and the use of the
MLCC as the signal coupling (DC blocking) capacitor in
these high-speed applications is expected [3]. Therefore, the
characteristics of the MLCC up to millimeter-waves become
a concern.

Figures 1 (a) and 1 (b) show an enlarged photograph of
an MLCC and the schematic of its internal structure. Typ-
ical frequency characteristics of MLCC’s impedance and
equivalent series resistance are illustrated in Fig.2 (a) and
a conventional equivalent circuit model of a capacitor is
given in Fig.2(b). The self-resonant characteristic of the
MLCC due to the parasitic inductance associated with the
structure is well known. A series of works have been de-
voted to increase accuracy of the equivalent circuit model
to describe the first self-resonant phenomenon around res-
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onant frequency fy[4]-[9], and the S-parameters of ML-
CCs up to around 6 GHz have been measured and published
by the manufacturers [10]. Recently, higher order paral-
lel resonance phenomena were investigated using relatively
large-size and small-capacitance packages[11]. However,
the performance beyond 10 GHz is not adequately studied
yet. Very broadband characteristics of MLCCs when used
for the signal coupling up to millimeter-waves need to be
revealed.

In this paper, we investigate broadband characteristics
of the MLCC for the use in the very high-speed digital signal
coupling. We have measured the coupling performance of
several types of MLCCs up to 65 GHz, and found that high-
dielectric-constant-type MLCCs exhibit very good perfor-
mance with relatively flat frequency characteristics. In addi-
tion, we observed an interesting behavior that shows the im-
provement of insertion losses at high frequencies. In order to
get an understanding of the mechanism of the behavior, full-
wave electromagnetic field analyses were performed. The
3-dimentional full-wave simulation enables analysis of the
behavior with effects including the surface-mounted struc-
ture on the circuit board, which cannot be considered in the
conventional parallel plate transmission line model analy-
sis [7], [8], and provides a visual understanding of internal
electromagnetic field and current distributions. Based on the
measurement and analyses, a new equivalent circuit model
to describe the characteristics is proposed.

In the next section, the basic coupling performance
predicted from the conventional equivalent circuit model is
briefly described. Sections 3 and 4 illustrate the measure-
ment and the field analyses, respectively. A new equivalent
circuit model is presented in Sect. 5, and Sect. 6 offers con-
cluding remarks.

2. Basic Coupling Characteristics of the MLCC

As seen in Fig. 2 (a), the measured impedance exhibits the
self-resonant characteristic at the frequency fy that is ex-
pressed by

1
27 VCXESL

where C is the capacitance and ES L is the parasitic equiv-
alent series inductance described in the equivalent circuit
model of Fig.2 (b). Table 1 lists the MLCCs used for the
investigation in this paper. Here we choose three high-
dielectric-constant-type MLCCs of different sizes.

Note that the chip size may be expressed in inches in
some literatures, but in this paper, it is expressed in metric

o 6]

Table1 The MLCC samples investigated in this paper.
Size Capacitance | Self-resonant Inductance
LxWxH C freq. fo ESL
#1 1.0x0.5x0.5mm 47 nF 39 MHz 0.35 nH
#2 0.6x0.3x0.3mm 4.7 nF 140 MHz 0.28 nH
#3 0.4x0.2x0.2mm 4.7 nF 220 MHz 0.11 nH
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system. We selected the small ones in size. The sample
#1 has the nominal capacitance value of 47 nF and the size
is 1.0 x 0.5 x 0.5 mm whereas the samples #2 and #3 have
the value of 4.7 nF and smaller sizes of 0.6 x 0.3 x 0.3 and
0.4 x 0.2 X 0.2 mm, respectively. The self-resonant frequen-
cies fy obtained from the manufacturer’s data sheets and
the series inductances ES L calculated using Eq. (1) are also
listed. The parasitic ES L ranges between 0.1 nH and 0.4 nH,
and it can be seen that the smaller the chip size, the smaller
the ES L.

Now let us examine the characteristics of the coupling
capacitor that is expressed by the equivalent circuit model of
Fig. 2 (b). Imagine the MLCC inserted between 50 Q trans-
mission lines which connect a transmitter circuit at one end
and the receiver circuit at the other end. Then, the coupling
performance of the MLCC can be evaluated by the two-port
S -parameters as illustrated in the inset of Fig.3. The de-
pendence of the values C and ES L on the frequency char-
acteristics of the insertion loss |S 7| is schematically drawn
in Fig. 3. Since the MLCC is inserted in series in the line,
good signal coupling characteristics are obtained in a fre-
quency band where the impedance of the MLCC is suffi-
ciently small compared to the characteristic impedance of
line. It is shown in this figure that the cutoff frequency at the
low-end of the bandwidth stems from the value of the capac-
itance C while that of the high-end of the bandwidth is deter-
mined by the inductance ES L. The larger the capacitance C,
the lower the low-end of the bandwidth. And the smaller the
inductance ES L, the higher the high-end of the bandwidth.
Consequently, recent advances in making larger capacitance
and smaller chip size of the MLCC should be very attractive
for the use in the broadband high-speed digital signal cou-
pling applications. The series resistance ES R was setto 1 Q
in the insertion loss simulation of Fig. 3, which had negligi-
bly small effect on the results. However, ESR tends to in-
crease with increasing frequency and can cause degradation
of insertion loss at microwave and mm-wave frequencies.

In order to confirm the coupling performance of ML-
CCs at high frequencies above 10GHz, we carried out
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Fig.3  Frequency characteristics of the insertion loss S»; of signal cou-
pling calculated by the conventional equivalent circuit model. The cutoff
frequency at low-end depends on the value of the capacitance C while that
at high-end is determined by the equivalent series inductance ES L.
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the measurement of the insertion and return losses up to
65 GHz.

3. Measurement Results

For the measurement, we need to prepare high-performance
fixtures (substrates) that can withstand millimeter-wave fre-
quency operations. In this study, a high temperature co-fired
ceramic (HTCC) substrate with surface metal patterns was
designed and fabricated for this purpose. The substrate used
here is a single plate HTCC with a relative dielectric con-
stant of &, = 9.0 and a thickness of T = 0.15 mm after sinter-
ing. The metal layer made of W-Au forms microstrip lines
(MSLs) of the width w = 0.16 mm that have the character-
istic impedance of Zy = 50 Q. Figure 4 shows the measured
S -parameters of 2.4 mm-long line with probing pads added
at both ends. As can be seen, very good transmission per-
formance with the insertion loss of less than 0.9dB up to
65 GHz was obtained.

The MLCC samples listed in Table 1 were surface-
mounted on the substrate. The layout (the top view) of
each sample is illustrated in Fig. 5 (a), 5 (b) and 5 (c). Prob-
ing pads for the G-S-G type probe head are provided at the
both ends of left- and right-hand sides, where the ground
pads are connected to the back metal plane of the sub-
strate via through holes. The §-parameters of these sam-
ples were measured on a probe station as shown in Fig. 6
using a vector network analyzer, too. Since the coupling
characteristics at high frequencies are considered to depend
on not only the capacitor itself but also the mounting struc-
ture, we decided to define reference planes in the middle of
the MSLs and perform two-port modeling of the mounted
MLCC between the reference planes as shown by “Ref.1”
and “Ref.2” in Fig. 5. In order to compensate for the trans-
mission loss of the MSLs outside the reference planes, the
“through” patterns that have only a MSL with a length ex-
cluding the distance between the reference planes was pre-
pared, and these potions were de-embedded using mea-
sured S-parameters [12]. Since the through lines showed
very good matching with 50 Q characteristic impedance, de-
embedding was done by just subtracting the line losses from
the total insertion and return losses as shown in the follow-
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Fig.4 Measured S parameters of a microstrip line on the HTCC sub-
strate with the line length (pad to pad) of 2.4 mm.
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ing equations,
S21 otal(@)
Insertion Loss = 201log,, % 2
21,line\ W
S 11, toral(W)
Return Loss = 201log,, H 3)
21,line

where, the subscript “fotal” means the §-parameter of the
entire structure including the MLCC, and “line” indicates
the S -parameter of the “through” pattern.

The results are plotted in Figs.7 (a), 7 (b), and 7 (c),
respectively. In the figures, the performances predicted
from the conventional equivalent circuit model presented in
Fig. 2 (b) are also plotted by the dotted lines. As can be seen,
the measurement results do not agree well with the predic-
tions of the equivalent circuit model. The measured inser-
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Fig.5 The layout of MLCC samples mounted on an HTCC substrate.
The microstrip line configuration is used for the transmission lines from
the MLCC to the both end of probing pads.

Fig.6  Photograph of the measurement setup. The samples are probed
using the probe heads APC65-A-150(GSG) of Cascade Microtech, Inc..
Two-port S -parameter measurements were carried out using the vector net-
work analyzer N5247APNA-X.
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tion loss of these samples begins to increase around 10 or
20 GHz. However, it has little change after that, and it seems
to improve somewhat at millimeter-wave frequencies. The
behavior of these results can not be explained by the con-
ventional equivalent circuit model. The discrepancy in the
return loss is also remarkable. Since the performance at high
frequencies depends not only on the characteristics of the
MLCQC itself but also on mounting conditions, we also fab-
ricated similar samples using a coplanar waveguide struc-
ture as the mounting substrate. As the result, the similar
behavior as presented in Figs. 7 was observed [13]. There-
fore, we conducted full-wave electromagnetic field simula-
tions to verify the credibility of the experimental results and
to elucidate the mechanism. Next, we will describe the elec-
tromagnetic field simulations of MLCCs.
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Fig.7  Measured insertion losses and return losses versus predicted ones
using the conventional equivalent circuit model, (a) for sample #1, (b) for
sample #2, and (c) for sample #3. The solid lines plot the measured results
while the dotted lines show the prediction by the equivalent circuit model
presented in Fig. 2 (b).
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4. The Full-Wave Analysis of MLCC’s Coupling Char-
acteristics

We analyzed the coupling characteristics of MLCCs using a
commercially available electromagnetic field solver based
on the finite element method [14]. The 3D structures of
the MLCC surface-mounted on the substrate as shown in
Figs. 5 (a), 5 (b) and 5 (c) were built in a simulation space of
24 %24 x2.4mm. The MLCC was modeled as schemati-
cally illustrated in Fig. 8, which has an internal structure of
stacked parallel plate electrodes and thin dielectric sheets.
Details of the structure were modeled by inferring from the
manufacturer’s data sheet and some structural parameters
for samples #1 to #3 are summarized in Table 2. Depending
on the orientation of the MLCC when mounted on the sub-
strate, two structures as shown in Figs. 9 (a) and 9 (b) can be
considered. One is a structure in which the chip is mounted
so that its internal electrode layer is parallel to the substrate.
And the other is a structure in which the internal electrode
layer is perpendicular to the substrate. Consequently, we
carried out the analyses and compared these two structures.

S -parameters between the two port-walls were calcu-
lated by the simulator. Figure 10 shows the obtained inser-
tion losses |S,;| and return losses |S 11|. From these results,
it can be confirmed again that the miniaturization of MLCC
is effective in improving the losses. And if you look at the
behavior of the insertion losses, it is interesting that they
degrade around 10 or 20 GHz, but do not change much after

W

stacked
electrodes

k— = —

2 L 5

Fig.8 Schematic diagram of the MLCC structure for 3D electromag-
netic full-wave simulations. Thin internal electrodes and dielectric sheets
having a high relative permittivity of & = 8,000 are stacked. The number
of stacked layers and the dielectric thickness are determined so that the par-
allel plate capacitance of the overlap area becomes the nominal capacitance
value.

Table 2  Parameters of simulation models.
Number of Dielectric Electrode Overlapping area
stacked electrodes thickness thickness
#1 24 10.4 3 0300 m®
K m m
K K (0.80 % 0.375 mm)
0.108 mm®
# 10 14.7 ym 2 um mm
(0.48X0.225 mm)
9 ” 04 . 0.048 mm®
R m m
Y " (0.32X0.150 mm)
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(a) Parallel to the substrate  (b) Perpendicular to
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Fig.9  Two structures of simulation models. The layer of internal elec-
trodes in the MLCC is (a) parallel to, and (b) perpendicular to the sub-
strate. These figures are drawn based on the simulation structure data
of sample # 3. The field analyses were performed in an analysis area of
2.4 x 2.4 x 2.4mm with the analysis scale of 123 k elements of the finite
element method.
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Fig.10  Calculated results of the insertion and return losses by the full-
wave simulations. Green lines for the sample #1 (the MLCC size is 1.0 X
0.5 x 0.5 mm), blue lines for #2 (the size is 0.6 x 0.3 x 0.3 mm), and red
lines for #3 (the size is 0.4 X 0.2 X 0.2 mm).

that, and are rather improved at the millimeter wave frequen-
cies. That is, the full-wave simulation results support the
experimentally observed behavior quite well. In these sim-
ulations, the calculation results of insertion losses and re-
turn losses did not show a significant difference between the
above-mentioned two structures of different MLCC'’s orien-
tations.

Figure 11 displays the conduction current distributions
in the chip capacitor at frequencies 100 MHz and 10 GHz for
all samples. The left column shows the results for the struc-
ture in which the internal electrodes are arranged parallel to
the surface of the microstrip substrate, and the right column
shows those for the structure in which the internal electrodes
are perpendicular to the substrate. The intensity of current
in the chip structure is indicated by the size and color of
arrows in the figure. Comparing the results at the frequen-
cies of 100 MHz and 10 GHz, it can be seen that the current
distribution in the chip capacitor changes as the frequency
increases. At 100 MHz, the current from the external elec-
trode branches almost uniformly into the internal electrodes
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Fig.11  Calculated current density distributions in the chip capacitor of
(1) sample #1, (ii) sample #2, and (iii) sample #3, at frequencies 100 MHz
and 10 GHz, respectively. The intensity distribution of the instantaneous
conduction current is represented by the size and color of the arrows. (a) is
the case that the internal electrode layer is parallel to the substrate, and (b)
is the case that the internal electrode layer is perpendicular to the substrate.

and flows evenly through the multilayer electrodes inside the
chip of all samples. However, on the other hand, at 10 GHz,
the current flows concentrated in a portion close to the mi-
crostrip substrate. That is, a change occurs in the current
distribution inside the MLCC in this frequency range. This
change in the current distribution can be explained in a way
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that the impedance for the displacement current between the
opposing internal electrodes decreases in inverse proportion
to the increased frequency, and a sufficiently large current
becomes to pass through only a part of the capacitance com-
ponent. It may be considered that this change of current
distribution causes the improvement of insertion and return
losses at millimeter wave frequencies. One can say that the
current tends to flow in the shortest path at high frequencies,
resulting in a smaller equivalent series inductance compo-
nent. Considering the change in the current distribution in
the MLCC structure, the modified equivalent circuit model
of the MLCC is created next.

5. Proposal of a New Equivalent Circuit Model

In order to incorporate the mechanism of the current distri-
bution change into circuit level simulations, we propose a
new equivalent circuit model for the capacitor as shown in
Fig. 12 (a). In this model, an additional path composed of
Cur, Lyr, and Ryr is added to the previous model. By ap-
propriately selecting the values of parameters Cyp, Lyr, and
Ryr, current components having low frequencies can flow
through the conventional path including C, ES L, and ESR,
while most of high-frequency components flow through the
newly added path. Since the capacitor sample #3 having
the smallest size was the best as the coupling capacitance of
broadband signals up to millimeter-wave frequencies, an at-
tempt was made to calculate the characteristics of sample #3
using the proposed equivalent circuit model. The insertion
loss and the return loss of the sample #3, calculated by the
proposed model are plotted by the dotted lines in Fig. 12 (b).
The new model explains the characteristic behavior at the

(a) C ESL ESR

( ‘]11" {'EII" ‘R]i]"
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~
®) MLCC
3
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o Insertion loss il
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0 10 20 30 40 30 GO
Frequency [GHz]

Fig.12  (a) Proposed new equivalent circuit model, and (b) comparison
of measured insertion loss and return loss with the prediction using the
proposed equivalent circuit model. The solid lines show the measured re-
sults of sample #3, while the dotted lines plot the prediction by the new
equivalent circuit model with C = 4.7nF, ESL = 0.11nH, ESR = 1Q,
Cyr = 300fF, Ly = 0.08 nH, and Ry = 15Q.
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millimeter wave frequencies and agrees with the measured
result very well.

The parameters Cyp, Lyp, and Ryp are fitting param-
eters determined from the measurement data and/or the
full-wave simulation results. In this study, these parame-
ters were determined according to the following guidelines.
First, the value of Cyp is determined so that the magni-
tude of the impedance of Cyp becomes about 50 Q at a fre-
quency at which the insertion loss starts to increase. In the
case of Fig. 12 (b), selected value of 300 fF yields 50 Q at
10.6 GHz. At frequencies above this point, the current flow-
ing through the newly added path increases and becomes
dominant. Next, the value of Lyf is determined so that the
resonant frequency of Lyr and Cyr comes in a frequency re-
gion where the increase in insertion loss stops and begins to
be improved. In Fig. 12 (b), the resonant frequency becomes
32.5 GHz by setting the value of Lyp to 0.08 nH. Finally, the
value of Ryr is determined so that the characteristics of the
equivalent circuit model broadly match the measurement re-
sult.

We believe that the proposed model is also applicable
to capacitors of larger samples # 1 and # 2. However, due to
the large size, strict modeling requires additional consider-
ations such as the stray capacitance of the footprint for the
mounting substrate.

6. Conclusion

We have carried the broadband characterization of small size
MLCCs intended for the use as the high-speed digital sig-
nal coupling capacitor. The two-port S -parameters of sev-
eral samples were measured up to 65 GHz, which revealed
the significant discrepancy between the measured perfor-
mances and predicted ones by the conventional equivalent
circuit model. Full-wave electromagnetic field simulations
were also performed to verify the experimental results and
to reveal the cause of the discrepancy. Based on the find-
ings from the measurements and field analyses, we have
proposed a novel equivalent circuit model that explains the
measurement very well. The new model is expected to be
useful for the precise circuit simulations for designing vari-
ous communication systems.
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