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Abstract—The configurations of the following three types of
high-Q air-suspended RF MEMS inductors (in particular, their
potentials) are studied to identify the configuration that would
yield large inductance variations: an inductor with two angularly
meandered lines, a spiral inductor with patterned shields of
different areas, and a spiral inductor with metallic frames of
different sizes. The potentials of MEMS inductors fabricated on
high-resistivity Si substrates are experimentally determined. The
inductance of the spiral inductors changes by at most 23% when
the shield area or the frame size in the inductors is changed. On
the other hand, the inductance of the meander-type inductor
changes by 108% (from 2.65 nH to 5.50 nH) because of the
large change in the current loop area. The configuration of the
meander-type inductor is thus considered suitable for realizing
an RF MEMS variable inductor with large inductance variations.

I. INTRODUCTION

Currently, a number of wireless services such as mobile
phones, LANs, and televisions are being used, and more such
services are expected to be developed in the near future. One-
chip RF LSI system solution is desired for lowering cost of
terminals supporting multiple wireless services. In particular,
multi-band and wide-band RF circuit technologies that cover
a wide frequency range of, say, 0.8 to 6 GHz is required.
Conventionally, variable capacitors have been used in LC
circuits for frequency tuning. However, the frequency range
that can be covered by varying C alone is limited. Therefore,
tunable inductors with a high Q and wide tuning range are
desired for multiband and wideband RF LSI systems.

Several methods have been proposed for designing tunable
inductors with a wide inductance range and high Q-factor.
The simplest method for varying the inductance involves the
use of switches [1], [2]. [1] used series-connected inductors
and varied the inductance by shunting some of the inductors
with the help of switches. While the inductance tuning range,
defined by (Lmax−Lmin)/Lmin, was more than 100%, the Q
factor was less than 5 because of the significant ohmic loss
introduced by the switches. In [2], the primary inductor has a
couple of magnetically-coupled auxiliary inductors with shunt
switches. The inductance variation in this case was limited to
25%.

Other inductor configurations without switches have also
been reported [3]–[6]. In [3], inductance variation was at-
tempted by deforming a spiral inductor. However, in this case,

the observed inductance variation was only 3%. According to
[4], [5], the separation between parallel-connected inductors is
controlled by temperature. The maximum inductance variation
obtained with these inductors is 18% [4]. The inductor in [6]
comprised a spiral inductor with a metal shield above it. An
inductance variation of 38% was observed when the separation
between the inductors was changed.

In this research, the configuration of an air-suspended RF
MEMS inductor that is ideal for realizing large inductance
variations is determined by investigating three possible in-
ductor configurations. The rest of this paper is organized as
follows. In section II, the configurations of three variable
inductors are discussed. In section III, the measurement results
are presented. Section IV shows the comparison between
the results obtained with the three inductor configurations.
Section V includes concluding remarks.

II. VARIABLE INDUCTOR CONFIGURATIONS

In this section, we discuss three variable inductor configu-
rations.

A. Meander-type inductor with varying current loop areas

The self-inductance L of a current loop is given by

L =
1
I

∫∫
S

B · dS (1)

=
1
I

∮
C

A · dl (2)

=
µ

4π

∮
C

∮
C

dl · dl
′

r
, (3)

where I is the loop current; B = ∇ × A, the magnetic flux
density induced by I; A, the vector potential; and S, the
surface enclosed by the loop C. dl and dl

′
are the vector

differentials on C. r is the distance between dl and dl
′
. From

this equation, it is apparent that L is proportional to the loop
area S and the magnetic permeability µ. If the number of loops
is n, L would be proportional to n2.

L ∝ S · µ · n2. (4)

The total L value is mostly determined by the abovementioned
three factors. If the current loop area can be controlled, L can
be varied efficiently.
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Fig. 1. Meander-type inductors with different loop areas.
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Fig. 2. Relation between current loop area and magnetic flux.
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Fig. 3. Micrographs of fabricated meander-type inductors. The length of each wire (excluding the pads and leads) is 2 mm. l = 200 µm.

Fig. 1 shows the proposed meander-type inductors with
different loop areas. One inductor consists of two angularly
meandered wires that are to be shorted at, say, the right-hand
end. The current loop area can be changed by the relative
displacement of the two meandered wires. Fig. 2 shows the
mechanism underlying the inductance variation. Thick arrows
on wires and thin black arrows show current and magnetic
flux, respectively. In case (a), where ∆x = 0, the current
loop area is very small because one wire is positioned exactly
above the other. In case (b), where ∆x = l/2, two current
loops with a width of ∆x are formed, and the inductance is
expected to increase. In case (c),where ∆x = l, the current

loop area is maximized, and consequently, the inductance is
expected to assume a maximum value. The “comb-drive [7]” is
a MEMS actuator that could be used to implement a meander-
type variable inductor.

To confirm the effect of the current loop area on the induc-
tance, air-suspended MEMS inductors, shown in Fig. 3, were
designed and fabricated. Fig. 4 shows a bird’s-eye view of one
of the fabricated inductors. The dependence of inductance on
the current loop area can be determined by studying these test
inductors. Two sets of inductors were fabricated: one set with
a wire length of 2 mm, and the other set with a wire length of
4 mm. Each inductor consists of two such meandered wires.
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Fig. 4. Bird’s-eye view of a meander-type inductor.

Fig. 6. Bird’s-eye view of a spiral inductor with patterned shields.

shield area:50% shield area:100%

Fig. 7. A possible method of changing the shield area. The area changes
with the relative displacement of the two comb-shaped shields.

Fig. 3 shows the micrographs of the inductors with 2-mm-long
wires.

B. Spiral inductor with varying shield areas

Fig. 5 shows the fabricated spiral inductors with patterned
shields, and Fig. 6 shows a bird’s-eye view of one such
inductor. The mutual inductances between the spiral inductor
and the shields changed with the shield area. Three inductors
with different shield areas were fabricated, and a situation
in which the shield area could be controlled by using two
movable comb-shaped patterns was simulated, as shown in
Fig. 7.

C. Spiral inductor with varying metallic frame sizes

Fig. 8 shows spiral inductors with different frame sizes,
and Fig. 9 shows a bird’s-eye view of one such inductor. The
frame serves as the current return path. The leftmost inductor
in Fig. 8 has the smallest loop area, while the rightmost one

Fig. 9. Bird’s-eye view of a spiral inductor with a frame.
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Fig. 10. Open pattern used for de-embedding.

has the largest loop area. The inductance is expected to change
according to (2).

III. MEASUREMENT RESULTS

Two-port S-parameters of the fabricated test inductors were
measured by using a vector network analyzer. The inductance
L and the quality factor Q were calculated from the following
equations.

L =
1

2πf
Im

(
1

Y ind
11

)
, (5)

Q = −
Im

(
1

Y ind
11

)
Re

(
1

Y ind
11

) , (6)

where Y ind is the two-port admittance matrix of the de-
embedded inductor. De-embedding was performed by using
the formula

Y ind = Y meas − Y open, (7)

where Y meas and Y open are the admittance matrices of the
measured device and the open pattern shown in Fig. 10,
respectively.

All the test inductors were fabricated on a Si wafer with
a 3-µm-thick surface oxide layer. The resistivity of the wafer
was 1 kΩ·cm. A two-metal-layer process was used for this
purpose, and the metal used was gold. The thickness of each
metal layer was 20 µm and each line width was 20 µm.

A. Dependence of inductance on loop area in meander-type
inductor

Fig. 11 and Fig. 12 show the measured L and Q, respec-
tively. In the case of inductors consisting of a pair of 2-mm-
long wires, L at 100 MHz increased from 1.54 nH to 2.79 nH
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Fig. 5. Micrographs of fabricated spiral inductors with different shield areas.
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Fig. 8. Micrographs of the fabricated spiral inductors with different frame sizes.

when ∆x was changed from 0 µm to 200 µm(= l), as shown
in Fig. 11. In the case of inductors with 4-mm-long wires, L
increased from 2.65 nH to 5.50 nH, as shown in Fig. 12. Note
that the value of L at 100 MHz should be close to the intrinsic
inductance of the device, whereas at higher frequencies, the L
value becomes larger due to the presence of parasitic parallel
capacitance. The variations in L were 81% and 108%, and the
maximum Q-factors were 19 and 17, respectively.

B. Dependence of inductance on shield area in spiral inductor

The frequency dependences of the measured L and Q are
shown in Fig. 13. The inductance can be varied by chang-
ing the area of the shield. Wideband high-Q characteristics
were obtained when the shield area was fixed. Further, L at
100 MHz decreased from 1.12 nH to 0.97 nH when the shield
area was increased by 50% to 100%. The variation in L was
15%, and the maximum Q-factor was 37.

C. Dependence of inductance on frame size in spiral inductor

L can be varied by changing the frame size, as shown in
Fig. 14. At 100 MHz, L increased from 1.16 nH to 1.42 nH
when the frame size was changed from ∆x = 20 µm to
300 µm. The variation in L was 23%, and the maximum Q-
factor was 38.

IV. DISCUSSION

The measured L values for all the test inductors are summa-
rized in Fig. 15. Fig. 15(a) shows the maximum and minimum
values of L at 100 MHz. Fig. 15(b) shows the dependence
of L at 100 MHz on the relative displacement of the two

meandered wires (Fig. 3), shield pattern area (Fig. 5), and
frame size (Fig. 8). Apparently, the inductance of the meander-
type inductor can be varied most effectively because with this
configuration, the self-inductance can be controlled directly by
changing the current loop area. The Q-factor also increases
concurrently with L because the increase in L does not affect
the resistive loss in the wires.

In the case of the spiral inductor with a controlled shield
area (Fig. 5), the mutual inductances between the spiral and
the shield patterns could be controlled. In this case, both L
and the Q-factor decreased with an increase in the shield area.
The inductance variation was approximately 15%.

In the spiral inductor in which the frame size was controlled
(Fig. 8), the loop area changed in the same manner as in the
case of the meander-type inductor. However, in this case, the
main contribution to the inductance came from the spiral part.
Because of this, the inductance variation was not as significant
as in the case of the meander-type inductor.

The maximum Q-factor of the meander-type inductors was
less than 20, while that of the spiral inductors with metal
shields was higher. The low Q of the meander-type inductors
can be attributed to the high resistive loss in the relatively long
wires used in these inductors.

V. CONCLUSION

Herein, air-suspended RF MEMS inductor configurations
suitable for achieving large inductance variations are studied,
and the following conclusions are drawn from our experimen-
tal results.
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Fig. 11. L and Q-factor of meander-type inductors with 2-mm-long wires. ∆x = 0, 50, 100, and 200 µm.
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Fig. 12. L and Q-factor of meander-type inductors with 4-mm-long wires. ∆x = 0, 50, 100, and 200 µm.

1) The meander-type inductor configuration (Fig. 1) is
suitable for achieving large inductance variations.

2) The inductances of the fabricated meander-type induc-
tors range from 2.65 nH to 5.50 nH; in other words, the
inductance variation is 108%.

3) The inductance can also be varied by controlling the
shield area (Fig. 5) or the size of the metallic frame
(Fig. 8). However, the inductance variation achieved
with these methods is not as good as that achieved with
the meander-type inductor.

4) Air-suspended MEMS inductors are superior to on-chip
inductors owing to their wideband high-Q characteris-
tics, and hence, they are suitable for use in wide- and
multiband RF systems.

In this study, we concentrated on clarifying the configuration
suitable for achieving large inductance variations. The very
important question of how to actually realize mechanically or
electronically variable inductors shall be addressed elsewhere.
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Fig. 13. L and Q-factor of spiral inductors with patterned shields. The shield areas are 50%, 75%, and 100%.
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Fig. 14. L and Q-factor of spiral inductors with different frame sizes. ∆x = 20, 50, 100, 200, and 300 µm.
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Fig. 15. Summary of all test inductors. (a) The maximum and minimum values of L at 100 MHz. (b) Dependence of L at 100 MHz on the shield area or
length of the wire slide.
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