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Measured Results on Symmetric Dual-Level Spiral

Inductors for RF ICs

Sang-Gug LEE†a), So-Bong SHIN†, and Gook-Ju IHM†, Nonmembers

SUMMARY A completely symmetric dual-level spiral induc-
tor structure is proposed. The symmetry, area efficiency, the size
dependence of the coupling factor, and the quality factors of the
dual-level inductors are evaluated and compared with that of the
single-level. This work demonstrates that, with most RF appli-
cations, the dual-level inductors are the better choice than the
single-level.
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1. Introduction

The rising demand for the high quality monolithic in-
ductors led to a significant progress in the silicon-based
monolithic spiral inductor design techniques. Much of
the effort has been given to the enhancement of the
quality factors [1]–[4]. In spite of all the progresses
that have been made, designers are reluctant to use the
monolithic spiral inductors in the commercial RF ICs
because of the large area needed.

At RF frequencies (0.3–3GHz), the quality factors
of the ordinary silicon based monolithic inductors are
typically below 10, and often below 5. For many RF ap-
plications, such as the inter-stage or the output match-
ing networks, inductive loads, etc., these inductors are
acceptable. Yet for the applications such as the in-
put side of the low noise amplifiers or the output stage
of the power amplifiers, there is little hope that the
conventional monolithic inductors would meet the level
of the quality factors required. Therefore, in order to
take advantage of the practical monolithic inductors,
improving the area efficiency is important, and some-
times even more important than the quality factor.

2. Inductor Design

The concept of multi-level inductors has been originally
introduced by Merrill [5], and Burghartz [6] reported
more detailed characteristics of multi-level inductors
and compared with the conventional single-level induc-
tors. The idea of multi-level inductor is that while the
single-level inductors use the lateral coupling of the
adjacent metal lines to increase the inductance, the
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multi-level inductors use the vertical coupling as well
by stacking inductors vertically. As reported in [5] and
[6], if the coupling coefficient of the inter-level inductor
is 1, the n-level inductors can provide n2 times higher
inductance than the conventional single-level inductors.
The problem with dual-level inductors is that they tend
to have high parasitic capacitances by the placement of
the upper level metal on top of the lower level. This
high parasitic capacitances lead to low resonance fre-
quencies. Without a careful consideration for the par-
asitic capacitances, the advantages of the dual-level in-
ductors can be seriously degraded by the low resonance
frequency.

Figure 1 shows the layout of a 3-turn symmetric
dual-level square spiral inductor proposed by this work.
In Fig. 1(a), placing the upper-metal layer (shown on
the left side) on top of the lower-metal layer (shown
on the right side) completes the final inductor struc-
ture and the metal layers are connected through via.
Figure 1(b) shows the microphotograph of the fabri-
cated dual-level inductor. In Fig. 1, the dashed line
indicates the signal flow. The alternation of the layers
between the upper- and lower-metal leads to a perfectly
symmetric inductor structure. The proposed symmet-
ric inductor layout is simple and requires only double
metal process. The multi-level inductors proposed by
Merill [5] and Burghartz [6] are not symmetric. Gen-
erally, passive elements are expected to be symmetric
and some RF designs require symmetric inductors [7].

The proposed symmetric inductor structure can be
extended to higher (even) number of metal layers, e.g.,
4-, 6-, 8-metal processes. For example, with 4-metal
process, the layout of the upper two-layers (4th- and the
3rd-metal) would be the same as that of Fig. 1. Then,
the layout of the bottom two-layers can be started at
the “center” position (shown in Fig. 1) and be extended
applying the same concept. The layout of the bottom
two-layers will be going from the inner-side to the outer-
side of the spiral.

Inductors are fabricated on a 4-metal 0.35-µm
CMOS process. Figure 2 shows the cross-section of
the metal layers and the oxides. In Fig. 2, the sheet
resistance of the 4th-metal is 40mΩ/�, and the rest
are 80mΩ/�, respectively. The dual-level inductors
are fabricated for two different hollow areas (AH),
50×50µm2 and 100×100µm2, and the number of turns
cover 2 to 6. The metal line width of 10µm and the
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Fig. 1 A 3-turn symmetric dual-level inductor structure, (a) drawing, the dotted arrow
represents the signal flow, (b) the microphotograph.

Fig. 2 The cross-section of the CMOS process showing the
metal and oxide thickness.

spacing of 1µm are used. Similarly, the correspond-
ing single-level inductors are also fabricated for com-
parison. The single-level inductors used the 4th-metal,
and with the dual-level, the 4th-metal is used for the
upper-level and the 2nd- and 3rd-metal-in-parallel are
used as the lower-level spiral. The 2nd- and 3rd-metal
are connected through multiple via. Parallel combi-
nation of 2nd- and 3rd-metal makes the upper- and
lower-level spirals of the dual-level inductors to have
approximately same resistivity.

3. Measurement Results and Discussions

Inductors are laid out for two-port measurement. From
Fig. 1(b), a rectangular ground metal-plate is placed
150µm away from the inductor pad, horizontally. The
two-port S-parameters are measured on-wafer using the
microwave probes (GS and SG type) and the network
analyzer.

Table 1 summarizes the inductor size, the induc-
tance, and the resonant frequencies of the fabricated
inductors. In Table 1, the inductance of the dual-
level are 3–4 times higher than that of the single-level
structures of the same size. This is not in agreement
with the expectations that the dual-level will provide 4
times higher inductances. Figure 3 shows the normal-
ized multiplication factors (multiplication factor/4) as
a function of the number of turns. As can be seen from
Fig. 3, it appears that the inter-level mutual-coupling
coefficients of the dual-level inductors are less than 1
for small number of turns, and linearly increase with
increase in number of turns. If we assume the upper-
and lower-level inductors generate the same amount of
inductance as the corresponding single-level inductors,
the mutual coupling coefficient between the upper- and
lower-level inductor of the 2-turn inductor, shown in
Fig. 3, is about 0.6. The coupling coefficients approach
the expected value of 1 for higher than 5 turn inductors.
Note that the coupling coefficients show only the de-
pendence on the number of turns but not on the inner-
diameter (AH).

Figure 4 shows the quality (Q) factors of the fab-
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Table 1 List of inductances and the resonant frequencies of the single- and dual-level
inductors fabricated.

Fig. 3 The normalized multiplication factors of the dual-level
inductors as a function of the number of turns. The multiplica-
tion factors are calculated by taking the ratio of the inductances
of the same number of turn inductors (Ldual/Lsingle).

Fig. 4 The quality factor of the dual-level inductors as a func-
tion of frequency for various numbers of turns. AH = 50µm.

ricated dual-level inductors for AH = 50µm. The Q-
factors are obtained with the commonly used method
[3]–[5] based on [−Im(y11)/Re(y11)] of the measured
data. As can be seen in Fig. 4, the increase in the
number of turns lead to a fast reduction in resonance
frequency and, consequently, the quality factor. There-
fore, one might be tempted with a hasty conclusion that
the high parasitic capacitances make the dual-level in-
ductors useless. However, note the inductor sizes of
the dual-level inductors (see Table 1). With most RF
ICs operating 1 to 3GHz ranges, the inductor values
needed are typically below 10 nH [8]. In fact, the ma-
jority of the inductors used in RF IC designs are below
5 nH, especially near or above 2GHz. The data shown
in Table 1, tells us that the dual-level inductors of up
to 10 nH can be obtained with resonance frequencies
higher that 3GHz. Also, note that the inductors fab-
ricated in this work used the upper three metal layers
(2nd through 4th-metals). Had the 4th-metal combined
with 2nd- or 1st-metal as the lower-level inductor, the
resonance frequency could have been extended to higher
frequencies.

Considering the sizes of the inductors listed in Ta-
ble 1, one can assess that, for most RF applications,
the on-chip inductors could be incorporated with the
size comparable to bond-pad (typically 100×100µm2).
Based on [9] and assuming the inter-level coupling co-
efficient of 1, it can be shown that the dual-level in-
ductor that uses 5µm width and 1µm spacing can pro-
vide inductance greater than 11 nH within the size of
100× 100µm2. RF IC designers are usually not afraid
of utilizing capacitors extensively, often greater than
the bond-pad size.

The Q-factors of the single- and dual-level in-
ductors are compared. Though the specific data are
not provided, overall, measurements show that the Q-
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factors of the dual-level are approximately the same or
slightly better than that of the single-level inductors
over the RF frequencies, for the similar values of in-
ductances.

The symmetry of the dual-level inductors are also
evaluated. The dual-level showed nearly perfect sym-
metry over the frequency. The dual-level showed high
impedance at resonance (600–900Ω). The low reso-
nance frequency and high peak impedance of the dual-
level inductors suggest other possible application, the
RF choke. RF choke is one of the frequently requested
components in RF IC design.

4. Conclusion

A novel symmetric dual-level spiral inductor structure
is proposed and the RF characteristics of the dual-level
inductors are compared to that of the single-level in-
ductors. This work demonstrates that the inter-level
coupling coefficient of the dual-level inductors are less
than 1 at low number of turns, and approaches to 1 at
higher than 5-turn inductors. The quality factors of the
dual- and single-level are compared through the mea-
surements. This work shows that, with typical RF ICs
of 1 to 3GHz applications, where the required induc-
tances are typically below 10 nH, the dual-level struc-
tures have advantages in area efficiency and quality fac-
tor. The dual-layer structure is also proposed as a can-
didate for the high impedance choke at radio frequen-
cies.
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