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ABSTRACT

This paper presenis circuit modeling and characterization of silicon-based on-chip integrated inductors in
Giga Hertz range for wireless communication products. We compare several different designs of on-chip
inductors for self-resonant frequency and quality factor. The measurement data could be used as a design
guide for manufacturing practical spiral inductors for wireless applications. We provide the equivalent
inductor circuit parameters from the actual measurement data.
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| . INTRODUCTION

In recent wireless communications market,
there is a high demand for reduced size, high
performance, low power and low cost wireless
products. In order to meet these market dem-
ands, many off-chip passive devices are being
moved to on-chip as integrated passives. Ind-
uctors are very important passive elements in
many circuit applications such as resonator tank
circuits, narrow-band impedance matching, low
noise degeneration and feedback, linear filters
and baluns [1, 2].

High quality inductors are required to
achieve low power, low noise, and wide ban-
dwidth wireless applications [3]. There are num-
erous papers on design and fabrication of int-
egrated inductors for wireless applications [4-7].
However, the inductors fabricated on a lossy
silicon-based substrate provide low quality factor
(Q), typically less than 5. We have shown that
the Q of on-chip inductors can be made up to 35
on a very high-resistivity silicon substrates [8].
We measured several different types of inductors
and compared the results. We show simple
circuit parameter extraction procedures to
characterize the inductors.

It. MEASUREMENTS

(A) Quality factor and self-resonant frequency

We measured several on-chip spiral inductors
on a very high resistivity substrate with HP-
8510 network analyzer and Cascade probe sta-
tion. The measurement system was calibrated
with  LRRM technique. The scattering para-
meters were then converted to admittance para-
meters as shown in Eq. (1) [9].
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The parasitics of the inductor pads were
de-embedded using the open structure on the
same substrate. The admittance parameters of the
inductor itself were obtained by subtracting out
the open structure admittance parameters from
the spiral inductor admittance parameters. The
quality factor of the measured inductors was
calculated by traditional method [10].
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The quality factor was plotted as the function
of frequency as shown in Fig. 1. The self-re-
sonant frequency was determined by the quality
factor at the point where Q becomes zero. For
example, the maximum quality factor of the
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30nH octagonal inductor shown in Fig. 1 is
approximately 19, and the self-resonant frequ-
ency is at 1.9GHz. Normally, the inductor would
operate at the maximum Q point which is far
away from the self resonant frequency.

257
20 4
3
b1 154-
"
[T
3
5.
v 1 + 1 1
00 05 1.0 15 0

Frequency (GHz)

Fig. 1 Quality factor vs. frequency of a 30nH octagonal
inductor.

(B) Extraction of the equivalent circuit para-
meters

The equivalent circuit of two-port spiral in-
ductor is shown in Fig. 2 [10]. The series branch
consists of the serial inductance Ls, the serial
resistance RS, and the series feed forward capa-
citor Cs. Two parallel branches represent para-
sitics of port-1 and port-2. The capacitor Cox
represents the capacitance between the spiral tu-
rns of inductor and the substrate. The silicon
substrate is modeled by CSUB and RSUB.
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Fig. 2. Equivalent circuit of two-port inductor.

We used optimization technique to find the
equivalent circuit parameters. It is not easy to
optimize the nine unknown circuit parameters
from the beginning. Therefore, we simplified
the two-port equivalent circuit as -model as
shown in Fig. 3. The Yi, Y and Y3 in the
-model were calculated from the admittance
values from the [y] matrix in Equation (1).
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Fig. 3. Pi-model for two-port integrated inductor.

The series branch Y includes Rs, Ls, and Gs.
The shunt branches Yy and Y: include the Cox,
Gsus and Reus. This allowed us to simplify the
optimization from nine to three elements. We
used commercial software (Agilent ADS) for
running the optimization problem. The initial
values are important in optimization technique.
We used the simplified equivalent circuit to
calculate the initial values as shown in Fig. 4.
The values of Cs, Csypi, and Csysz were omitted
in this circuit because these values were very
small. The initial values of the equivalent
circuit parameters can be found by using the
equations shown in Equation (4.a 4.f).
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Fig 4. Simplified equivalent circuit of the inductor.

The following procedure shows simple steps
to extract the equivalent circuit parameters.

1. Measure the scattering parameters of the
inductor.

2. Measure the scattering parameters of open
structure.

3. Convert measured scattering parameters to
admittance parameters.

4. De-embed the pad parasitics.

5. Find Y3, Y2, and Ya.

6. Calculate the scattering parameters for Yj,
Y2, and Y3, respectively.

7. Optimize the Y1, Y, and Y; using ADS.

Table 1 shows the optimized values of the
circuit parameters for the inductor model shown

in Fig. 2.

Table 1. Extracted parameter values for inductor.

Circuit parameter Extracted value
Ls 6.66 nH
Rs 282 W
Cr 0.216 pF
Coxy 0.597 pF
Rsum 61.2 kW
Csum 0.130 pF
Coxa 0.592 pF
Rsusz 99.9 kW
Csupz 0.106 pF
. RESULTS

We fabricated numerous shapes of spiral
inductors on the wafer. In this paper, we
concentrate on the inductors with and without
ground shields. We characterized inductors for
maximum Q values and self-resonant frequ-
encies. Figure 5 illustrates details of physical
parameters for spiral inductors that we studied.

They are length, width, diameter and space.
Figures 6(a), 6(b), 6(c) and 6(d) show the
fabricated spiral inductors. We used these types
of inductors for the measurements.
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Fig. 5 The sketch of circular spiral inductor with 2.5
turns.

Figure 7 shows measured Q values for several
different spiral inductors. In this measurement,
we used inductors with 2 to 5 turns. From the
figure, we can summarize that one-port
inductors with ground shields have a higher
quality factor than those without ground shields.
Furthermore, one-port inductors have higher
quality factor than two-port inductors. As
expected, the inductors with longer line between
the pad and the inductor have a smaller quality
factor than those with shorter connection line.
The quality factors with varying inner diameter
of the spiral inductor are shown in Fig. 8. The
inner diameter of the spiral inductors has little
influence on the maximum quality factor.

The measured self-resonant frequency with
varying number of turns is shown in Fig. 9.
Two-port inductors have lower self- resonant
frequency than one-port inductors as shown in
the bars (a) and (c) of Fig. 9.
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Fig. 6 (a) shielded two-port spiral inductor with normal
length between pad and the inductor, (b) shielded
two-port spiral inductor with short length between pad
and inductor, (c) single port spiral inductor without
ground shield, (d) single port spiral inductor with
ground shield.

The seif-resonant frequency decreases as the
number of spiral turns increases. This is due to
increase in parasitic capacitance (CS) as the
number of spiral turns increases. Therefore, the
self-resonant frequency is decreased as the
number of turns increases. The self-resonant freq-
uency has little relationship with the space as
shown in the data of Fig. 9. From Fig. 10, we
can see that the self-resonant frequency decreases
as the inner diameter of spiral increases.
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Fig. 7. Q measurements on different types of spiral

inductors.
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Fig. 8. Q measurements with varying diameters.
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Fig. 9. Measurements of self resonant frequencies on
varying spiral turns.
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Fig. 10. Measurements of self-resonant frequency with
varying diameters.Fig.

IV. CONCLUSIONS
his paper presents modeling and

characterization of silicon-based on-chip indu-
ctors for wireless communication products. We
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measured several spiral inductors with varying [9] David M. Pozar, Microwave Engineering,

parameters. The measurement shows that one

John Wiley & Sons, Inc 1988

-port inductors with ground shields have higher [10] Ali M. Niknejad, and Robert G. Meyer,

quality factor than those without ground shields.
The self-resonant frequency decreases as the nu-
mber of turns increases. We introduced optimi-
zation procedure for obtaining equivalent circuit
parameters of spiral inductors from measured
S-parameters.
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