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PAPER Special Section on Microelectronic Test Structures

A New Inductance Extraction Technique of On-Wafer Spiral
Inductor Based on Analytical Interconnect Formula

Hideki SHIMA†∗a), Nonmember, Toshimasa MATSUOKA†, and Kenji TANIGUCHI†, Members

SUMMARY A new inductance extraction technique of spiral inductor
from measurement fixture is presented. We propose a scalable expression
of parasitic inductance for interconnects, and design consideration of test
structure accommodating spiral inductor. The simple expression includes
mutual inductance between the interconnects with high accuracy. The for-
mula matches a commercial field solver inductance values within 1.4%.
The layout of the test structure to reduce magnetic coupling between the
spiral and the interconnects allows us to extract the intrinsic inductance of
spiral more accurately. The proposed technique requires neither special
fixture used for measurement-based method nor skilled worker for precise
extraction with the analytical technique used.
key words: spiral inductors, interconnect, closed-form expression, induc-
tance extraction, analytical technique

1. Introduction

Spiral inductors fabricated on integrated circuits (IC’s) are
essential passive components in radio frequency (RF) IC’s
[1]. An extraction technique of the inductance from mea-
surements with test structures (see Figs. 1(a) and 1(b)) is
highly required prior to circuit design because the induc-
tance plays a dominant role in overall circuit performance
[2]. Equivalent inductor models [3]–[5] are widely em-
ployed for the extraction, which include parasitic intercon-
nects inductance between pads and a spiral. This leads to
incorrect extracted inductance of the spirals due to the in-
terconnects effect. On the other hand, measurement-based
methods reported in [6] require skilled worker for presice
measurements and cumbersome procedures for the extrac-
tion by using special fixtures, although the parasitic effect
can be de-embedded.

The aim of this paper is to propose a new simple ex-
traction technique of intrisic inductance using analytical in-
ductance formula of the interconnects together with prop-
erly designed test structure. The technique consists of two
steps. First, effective inductance including the interconnect
effect is extracted from measurements by using a compact
inductor model. Second, the effect is de-embedded from the
effective inductance using the proposed analytical formula.
The analytical technique presented here is quite useful and
practical for extracting the intrinsic inductance from mea-
surements without any special measurement fixture.
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Fig. 1 (a) A layout of square spiral inductor with measurement fixture.
(b) The measurement fixture, composed of pads and interconnects, used in
Fig. 1(a).

2. Self-Inductance Expression of Interconnects

2.1 Closed-Form Expression

We present an inductance formula of interconnects to de-
embed the parasitic inductance Lp. The accurate self-
inductance expression of single wire with rectangular cross
section [7], [8] is employed to derive the propsed formula
(an outline of the derivation is given in Appendix). The
derived expression is simple form despite the inclusion of
mutual inductance between the interconnects. This can be
achieved by using our derivation technique rather than di-
rect calculation of the mutual inductance from Naumman’s
formula. All geometric parameters of the interconnects, as
shown in Fig. 2, are included in the equation: the length
of each interconnect lα and lβ, the wire width w, the wire
thickness t, and the gap spacing between interconnects d.
This allows us to calculate the parasitic inductance directly
from the geometric parameters. Note that the vertical gap
between different metal layers is ignored because the gap is

Copyright c© 2005 The Institute of Electronics, Information and Communication Engineers
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Fig. 2 The geometric parameters of the interconnects. lα and lβ are the
lengths of two segments, d the gap between the interconnects, w the width,
and t the thickness.

(a)

(b)

Fig. 3 Error distribution in % of our expression in comparison with a
commercial field solver. The overall length lα + lβ + d is 200 µm for (a)
and 500 µm for (b). The width w is 10 µm and the thickness t 1 µm for both
cases.

very small compared with each interconnect length, result-
ing in negligible effect on mutual inductance. The resulting
expression is given by
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µ0lα
2π
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where µ0 magnetic permeability of vacuum. The GMD ge-
omertic mean distance of rectangular cross section is

GMD = 0.224 (w + t) . (2)

2.2 Validation

Figure 3(a) shows the accuracy of our expression compared
with those obtained from a field solver, Ansoft Q3D Extrac-
tor [9]. The absolute percentage error, z-axis, is defined by
100|Lformula − LQ3D|/LQ3D where Lformula and LQ3D are the
inductances of interconnects calculated from our expression
and the field solver, respectively. The x-axis indicates the
length of either interconnect

(
lα or lβ

)
at the given distance

between pads, lα + lβ + d, of 200 µm while y-axis shows the
gap spacing (d). The plot shows the errors are around 1%
ranging up to the maximum error of 1.4%. Note that 200 µm
is the minimum distance between pads for measurement fix-
tures of spirals.

Figure 3(b) shows the absolute error distribution at the
given length of lα+ lβ+d = 500 µm. The plot shows that the
error is less than 0.5%. These results indicate that our for-
mula is accurate enough to extract the intrinsic inductance
of on-chip spirals.

3. Design Consideration of Test Structure

To extract accurate intrinsic inductance of spirals from mea-
surements, special attention has to be paid to the layout of
test structures to reduce magnetic coupling between the spi-
ral and the interconnects. The layout with minimum cou-
pling allows the components to be treated separately so that
the excess inductance due to the interconnects can be simply
subtracted from measured results.

Figure 1(a) show the layout to reduce the magnetic cou-
pling for accurate inductance extraction: the interconnects
are arranged in line and connected to each port of the spiral.
In this configuration, the set of interconnects divide the spi-
ral symmetrically into two pieces. Therefore, total mutual
inductance between each interconnect and the half pieces of
spiral becomes zero because the currents on each side of the
leads are in the opposite direction. Note that the layout will
be the best form to extract the intrinsic inductance of spiral
in the layouts, although the layout is commonly used as the
test structure.

4. Extraction of Intrinsic Inductance

4.1 Extraction Procedure

The details of the analytical extraction method is as follows:

1. Effective inductance including interconnects value is
extracted from measured S-parameters of the device
under test (DUT) by using a lumped-element inductor
model. S-parameters are converted to Y-parameters for
the extraction.

2. Desired intrinsic inductance of the spiral is extracted
directly from the effective value by subtracting the cal-
culated interconnects inductance (Lp).
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Table 1 The layout parameters of spirals and the interconnects connected. For spirals, n is the num-
ber of turns, dout the outer diameter, w the metal width, and s the turn spacing. Lmeas is the extracted
measured inductance by using the proposed formula. For the interconnects, lα and lβ are each inter-
connect length, and d the gap between the interconnects. The inductors numbered 1-3, 7 and 11 are
fabricated with SOI-CMOS process.

Inductor � Lmeas [nH] n dout [µm] w [µm] s [µm] lα [µm] lβ [µm] d [µm]

1 0.480 1 119 10 3 137 246 23
2 1.02 2 145 10 3 124 246 36
3 1.97 3 171 10 3 111 246 49
4 2.41 3 159.5 8.5 1 122.15 254.15 37
5 3.29 4 215.25 14.25 1 91.4 246.65 75.25
6 3.29 4 217 9 8 89.65 246.65 77
7 3.34 4 197 10 3 98 246 62
8 3.51 4 218.75 3.75 15 87.9 246.65 78.75
9 4.62 4 210.25 9.25 1 96.4 266.65 50.25
10 5.24 5 211.6 10.6 1 95.05 249.65 68.6
11 5.33 5 223 10 3 85 246 75
12 10.1 5 204.6 3.6 1 102.05 284.65 26.6

Fig. 4 Comparison between extracted measured and simulated induc-
tances. The open squares are the error percentage, while the bars show
the inductance for both measured and simulated results.

Note that the extraction of effective inductance (equivalent
value) from Y-parameters is performed in low frequency
where the frequency behavior of the parasitic resistance and
capacitance can be negligible. The simple lumped model is
not valid for the extraction in high frequency.

4.2 Results

The new technique is applied to a set of spirals listed in Ta-
ble 1. We use a conventional spiral inductor model [5] to ex-
tract the effective inductance from mesurements. The mea-
sured planar spiral inductors have been fabricated on both
0.20–µm SOI-CMOS and 0.35–µm CMOS processes.

Figure 4 shows a comparison between measured and
simulated inductance of the spirals. The measured values
(Lmeas) are the extracted inductances using the proposed for-
mula, while the simulated results (Lsim) are obtained from
Ansoft Q3D Extractor. The percentage error defined by
100|Lmeas − Lsim|/Lsim is plotted against the left axis of the
figure. Note that larger extracted inductace results in smaller
error because the difference between the extracted and simu-
lated values is nearly constant for all inductors. The errors of
inductors over 3nH are typically around 3%-6%, while those
of small inductors (�1-4) result in larger errors. These errors
are originated from measurement system calibration and in-

Fig. 5 Impact of interconnects for measured inductors before the spiral
extraction. The open squares are the fraction of interconnects inductance
for the inductors, while the bars indicate the measured inductance including
interconnects estimated by using our expression.

ductor model to extract effective inductance [10]. There-
fore, accurate calibration of measurement system and opti-
mum choice of the model are essential to reduce the error of
the extracted inductance. Even if the errors exist, for larger
inductor, reasonable inductance value is extracted by using
our technique.

Figure 5 illustrates the impact of interconnects for mea-
sured spirals with fixture. The left axis indicates the fraction
of interconnects inductance to the measured total counter-
part, where the impact becomes more significant for spi-
rals with small inductance. This originates from the longer
interconnect for the small inductors because the size of
the fixture is designed to accommodate the largest one. It
should be noted that such small inductors are key compo-
nents for state-of-the-art RF circuits in GHz bands. Hence,
de-embedding interconnects is fairly important to estimate
the inductace of such spirals.

5. Conclusion

We proposed a scalable expression of interconnect induc-
tance and design consideration of test structure to extract
spirals from measurement fixtures. The inductance of in-
terconnects predicted with our formula matches that derived
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from the field solver, Ansoft Q3D Extractor, within 1.4%
error. With the use of the inductor layout to reduce the mag-
netic coupling, the measured inductances extracted are in
good agreement with the simulated results. The accuracy
and simplicity of the technique without special fixtures, of-
fer practical method to extract intrinsic inductance of spirals.

Acknowledgments

This work was supported by Japan Society for the Promo-
tion Science (JSPS) Research for the Future Program, and
by VLSI Design and Education Center (VDEC), the Uni-
versity of Tokyo in collaboration with Cadence Design Sys-
tems, Inc.

References

[1] J.N. Burghartz, D.C. Edelstein, M. Soyuer, H.A. Ainspan, and K.A.
Jenkins, “RF circuit design aspects of spiral inductors on silicon,”
IEEE J. Solid-State Circuits, vol.33, no.12, pp.2028–2034, Dec.
1998.

[2] J.R. Long and M.A. Copeland, “The modeling, characterization, and
design of monolithic inductors for silicon RF IC’s,” IEEE J. Solid-
State Circuits, vol.32, no.3, pp.357–369, March 1997.

[3] D. Melendy, P. Francis, C. Pichler, K. Hwang, G. Srinivasan, and A.
Weisshaar, “A new wide-band compact model for spiral inductors in
RFICs,” IEEE Electron Device Lett., vol.23, no.5, pp.273–275, May
2002.

[4] S. Chaki, S. Aono, N. Andoh, Y. Sasaki, N. Tanino, and O. Ishi-
hara, “Experimental study on spiral inducors,” IEEE MTT-S Int. Mi-
crowave Symp. Dig., vol.2, pp.753–756, May 1995.

[5] N.M. Nguyen and R.G. Meyer, “Si IC-compatible inductors and LC
passive filters,” IEEE J. Solid-State Circuits, vol.25, no.4, pp.1028–
1031, Aug. 1990.

[6] T.E. Kolding, “On-wafer calibration techniques for giga-hertz
CMOS measurements,” Proc. IEEE 1999 Int. Conf. on Microelec-
tronic Test Structures, vol.12, pp.105–110, March 1999.

[7] F.W. Grover, Inductance Calculations, Van Nostrand, New York,
1946.

[8] F.W. Grover, “The calculation of the inductance of single-layer coils
and spirals wound with wire of large cross section,” Proc. Institute
of Radio Engineers, vol.17, no.11, pp.2053–2063, Nov. 1929.

[9] Ansoft Corp., Pittsburgh, PA.
[10] S.S. Mohan, M.M. Hershenson, S.P. Boyd, and T.H. Lee, “Simple

accurate expressions for planar spiral inductances,” IEEE J. Solid-
State Circuits, vol.34, no.10, pp.1419–1424, Oct. 1999.

Appendix: Derivation of Interconnect Expression

To derive an expression for the parasitic inductance, Lp, of
interconnects, an accurate analytical inductance formula of
single wire are required. We employ Naumman’s formula
for self-inductance of a wire [7] given by

Lwire =
µ0l
2π

(
ln

∣∣∣∣∣ 2l
GMD

∣∣∣∣∣ − 1

)
(A· 1)

where l the wire length and GMD the geometric mean dis-
tance determined by the cross section of wire.

Figure A· 1 denotes the concept of the derivation us-
ing Eq. (A· 1). A single wire is composed of three segments

Fig. A· 1 Concept to derive self-inductace of interconnects composed of
three segments. The details are described in the text.

with rectangular cross section. The segments α and β are
the interconnects used as the part of measurement fixure,
while γ occupies the gap between the interconnects. With
this model, we have the desired inductance Lp as

Lp = Lαβγ −
(
Lγ + 2Mαγ + 2Mβγ

)
(A· 2)

where, on the right hand side of the equation, L indicates the
self-inductance of a wire and M mutual inductance between
wires, respectively. The subscript on L identifies a single
wire composed from each segment, while the subscript on
M two segments relating to the coupling. The notation is
also used in the following discussion.

The expression (A· 2) can be reduced to a equation
composed of single wire inductances calculated from (A· 1).
Using the model as shown in Fig. A· 1, for the mutual induc-
tances, We have

2Mαγ = Lαγ −
(
Lα + Lγ

)
(A· 3)

2Mβγ = Lβγ −
(
Lβ + Lγ

)
. (A· 4)

Substituting (A· 3) and (A· 4) in (A· 2) results in the follow-
ing:

Lp = Lαβγ −
(
Lαγ + Lβγ − Lα − Lβ − Lγ

)
(A· 5)

where

Lαβγ =
µ0

(
lα + lβ + d

)
2π

×
ln

∣∣∣∣∣∣∣∣
2
(
lα + lβ + d

)
GMD

∣∣∣∣∣∣∣∣ − 1

 (A· 6)

Lαγ =
µ0 (lα + d)

2π

{
ln

∣∣∣∣∣2 (lα + d)
GMD

∣∣∣∣∣ − 1

}
(A· 7)

Lβγ =
µ0

(
lβ + d

)
2π

ln

∣∣∣∣∣∣∣∣
2
(
lβ + d

)
GMD

∣∣∣∣∣∣∣∣ − 1

 (A· 8)

Lα =
µ0lα
2π

(
ln

∣∣∣∣∣ 2lα
GMD

∣∣∣∣∣ − 1

)
(A· 9)

Lβ =
µ0lβ
2π

(
ln

∣∣∣∣∣∣
2lβ

GMD

∣∣∣∣∣∣ − 1

)
(A· 10)

Lγ =
µ0d
2π

(
ln

∣∣∣∣∣ 2d
GMD

∣∣∣∣∣ − 1

)
. (A· 11)
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