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Abstract — In this paper, a modified-T equivalent-circuit
model for three-dimensional (3-D) spiral inductors
embedded in a multilayer low-temperature cofired ceramic
(LTCC) is first presented to achieve a remarkably large
bandwidth. This model combines a core circuit, a five-
element modified-T model, to include the effects of
transmission line with electrical length up to 7, and several
resonators to consider the effects due to coil coupling and
finite ground plane. It is emphasized that most of the

elements in this equivalent-circuit model can be extracted -

directly from the measured $ parameters, Compared to the
conventjonal II-section model that is valid only up to the
first self resonant frequency (SRF), this model includes more
higher-order SRFs and results in several times larger
bandwidth.

I. INTRODUCTION

Spiral inductors can be viewed as passive interconnects
that are conventionzlly modeled using IT- or T-section
models [1]-[3]. Although several additional capacitances
ang¢ resistances have been included to account for
coupling and loss in coil and substrate, the model is still
narrow-banded due to the nature of II- and T-section
models that cannot represent a transmission line over a
wide frequency range effectively. The distributed model
using multiple II - or T-sections can be applied to
overcome this drawback [4],[5]. However, it is difficult to
find these distributed elements from the measured S
parameters without an intensive optimization scheme.
This is because the measured S parameters represent
overall frequency response of distributed sections and
lack useful information in segmentation for individual
section. This paper breaks through the above-mentioned
modeling barriers by inventing a five-element modified-T
circuit that can approximate quite closely a lossless
transmission line with electrical length up to 7, the well-
known period of transmission-line effects. In conjunction
with several lossy resonators that account for coupling
and loss in coil and substrate, this modified-T circuit can
be expanded to model a real spiral inductor. As an
example, in the following sections we will demonstrate an
efficient modified-T modeling procedure for a 6.8 nH
spiral inductor embedded in a multilayer LTCC substrate.
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Fig. 1. A five-element modified-T equivalent circuit for

modeling a lossless transmission with electrical length up to 7.

II. MODIFIED-T MODEL FOR TRANSMISSION LINES

For the lossless transmission line shown in the left of
Fig. 1, its Z and Y network parameters are given as

Zit =28 =—jZ, cotd 4))
Zit =z =7, cscO @
Vit =vHE = ¥, cotd (3)
Y{‘SL =Y21{L = ¥ cscl )

where Y5 =1/Zq and @=w7 . For the five-element
modified-T circuit shown in the right of Fig. 1, its Zand ¥
network parameters can be found as
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To be an equivalent circuit, the modified-T model should
have very similar frequency responses to those in a
lossless transmission line for both Z and ¥ parameters
over the entire modeling bandwidth. At low frequencies,
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Fig. 2. The transmission-line configuration used for comparing
its two-port S parameters with those in a modified-T model.
Note that 7 =100 ps for this case.
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Fig. 3. Comparison of the magnitude of S); versus electrical
length between a lossless transmission line and the equivalent
modified-T model.

the modified-T model basically reduces to a simple T-
section model, and thus two equations based on Z
parameters can be established as

Jim - (————1 -9 9
o A A Y
Gli_)nbi-[(zﬂ’uzf})—(z{‘f"“—zf‘f) 0. (10)
w—0
From (9) and (10), one can find

c, =<z, (11
L, 4L, =(Zy7)/2. (12)

From (1)-(4) we can know that both Z and Y parameters
of an ideal transmission ling have a pole at & = . Thus,
we need to create the same pole for the modified-T model
by setting the denominators of the corresponding Z and ¥
parameters in (5)-(8) to zero at the angular half-wave
frequency ( @y, =7z /7). That is

1-205Cp(Ls +Ly) =0 (13)
w2 -2+ 2L+ L,)/Cy=0. (14)

From (12)-(14), the other three unknown elements in a
modified-T model can be found as

L =Zyt(1/4+1/7%) (15)
L, =Zyr(1/4-1/7%) (16)
C, =1/(Zy 7%). (17)
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Fig. 4. Comparison of the magnitude of S5; versus electrical

length between a lossless transmission line and the equivalent

modified-T model.

For comparison, we generate the two-port S parameters
from the transmission-line configuration shown in Fig. 2,
and those from its equivalent modified-T model whose
circuit elements have been found using (11) and (15)-(17).
As shown in Figs. 3 and 4, comparison of § parameters

" between transmission lines under various normalized

characteristic impedances ( z; ) and their equivalent
modified-T models shows excellent agreement over an
electrical length up to 7.

M1, MoDIFIED-T MODEL FOR LTCC EMBEDDED
INDUCTORS

The above-mentioned modified-T equivalent circuit can
be expanded to model 3-D spiral inductors embedded in a
multilayer LTCC substrate, as suggested in Fig. 5. It can
be seen that several L.C resonators are added to account
for the self and ground resonant phenomena. The
formulation starts with a derivation of ¥ network
parameters corresponding to the equivalent circuit shown
in Fig. 5. Then extraction of equivalent-circuit elements
from the measured S parameters can be performed
efficiently using the following steps.

Step 1: Formulation with Parallel and Series Resonant
Frequencies

First, a new parameter, ¥, is defined as
Yy=h+¥n -2

B Jo(Lg + Ly —2L,)+4/ Y L47

_a)z(leLs?_ _Lgn)"'jw (le +L52 + 2Lm)/Ysg i
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Fig. 5. An expanded modified-T equivalent circuit for modeling
an LTCC embedded inductor.
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Fig. 6. Determination of parallel and series resonant frequencies
from the tmaginary part of ¥, .

Assuming Ly = L5 and simplifying (18) gives

4

YA = .—"",—_,—+ 4Yp (21)
Jj@(Lg +Lgy)

where

Ly=Ly+L, (22)

Ly=Ly+L,. (23)

Fig. 6 shows the imaginary part of ¥, parameter that was
found using the measured S parameters for a 6.8 nH spiral
inductor embedded in a multilayer LTCC substrate. One
root and two poles have been found in this frequency
response. The root position represenits the parallel
resonant frequency (@, /27 ) while the pole positions
represent the first and second series resonant frequencies
(@, /27 and wy /27 ). From the formulations with
respect to these three identified frequencies, we can find
Cp. Lp,and L, in the following forms 1
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Fig. 7. Determination of half-wave resonant frequency from the
imaginary part of Y .
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Fig. 8. Determination of ground resonant frequency from the
magnitude of S, in decibel.

Step 2: Formulation with Half-Wave and Ground
Resonant Frequencies

Another new parameter, Yj, is defined as
Yp =14 +15 +2h,
- Jollg+L,+2L) .
~ @ (LyLgy — L2)+ jl Ly + Lyp +2L,)/ Yy

@7

It has been explained before that the denominator of Y
parameters for a modified-T model is equal to zero at the
half-wave resonant frequency ( @y, / 277 ). Therefore, it can
be practically found from the pole position of the
imaginary part of Yy that was also found from the
measured S parameters, as shown in Fig. 7. The finite
ground plane effects on an LTCC inductor act as a shunt
resonator and usually cause a sudden drop in insertion
loss. This can be used to locate the ground resonamt
frequency (@, /27 ) quite easily, as shown in Fig. 8.
From the formulations with respect to @), and @, , we
can find L, and L, in the forms
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Step 3: Fxtraction of Fundamental Elements at Low
Frequencies and Optimization for Capacitance Split
Cocfficients

The equivalent-circuit'elem'ems in (24)-(29) "are all
formulated in terms of Ly, Ly ,C,, a and b. At low
frequencies, the equivalent circuit shown in Fig. 5 can be
approxiniated as an equivalent T-section model from
which we can find the fundamental elements Ly, L;s
and C, using the following expressions:

Im{Zy, -2y, }

Ly = lim (30)

@—0 o
. Im{Z,, - Z

Ly = lim 22720} 31)

w—0 7]
—-1

C, = lim ¥} (32)

a—0 [47]

Note that the Z network parameters in (30)-(32) can be
obtained from conversion of the measured § parameters.
The remaining capacitance split coefficients, a and b, in
the formulations can be found quite efficiently using an
optimization scheme with the constraints

0<a<! (33)
0<h<l. (34)

The parallel and ground resistances, R, and R, , are
mainly used to account for the losses in the conductor and
substrate region respectively. Their values are frequency
dependent and can be roughly estimated from the
equivalent [I- or T-section models at low frequencies.

A 6.8 nH inductor embedded in a multilayer LTCC
substrate was fabricated and measured with S parameters
for modeling. The inductor is mainly a 1.5-turn spiral-
form conductor with 6-mil width. In Figs. 9 and 10, we
compare the S-parameter results generated from our
proposed modified-T model and the conventional II -
section model with measurements. It can be seen that the
conventional II -section model is good only up to the
parallel resonant frequency that is regarded as the
fundamental SRF at about 3 GHz. Our proposed
modified-T model can catch not only the parallel resonant
frequency, but also the other series and ground resenant
frequencies that belong to the higher-order SRFs. The
effective bandwidth exceeds 12 GHz, about 4 times larger
than the conventional [] -section model.

I'V. CONCLUSIONS

It is concluded that the proposed modified-T model for
LTCC embedded inductors can achieve a bandwidth that
is several times larger than the conventional II-section
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Fig. 9. Comparison of the magnitude of 7, in decibel between
our proposed modified-T model and the conventional 11 -section
model with measuremenis for an LTCC embedded inductor.
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Fig. 10. Comparison of the magnitude of S5; in decibel between
our proposed modified-T model and the conventional II -section
model with measurements for an LTCC embedded inductor.

model. In addition, this model can be constructed quite
efficiently because most of the equivaleni-circuit elements
can be evaluated using the derived analytical expressions.
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