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Abstract

This paper outlines the capabilities of RF MEMS tunable microinductors
designed using mechanical displacements that change the magnetic coupling
coefficient between circuits. The design and fabrication of a first and an
optimized second tunable microinductor prototype are presented. We report
a 50% inductance variation from 1.5 to 5 GHz measured on the first test
wafers. Moreover, these tunable inductors, which have continuous
variations, can be integrated with tunable capacitors into reconfigurable RF
systems suitable for future wideband RF communications. The design of
basic functions, such as a simple phase shifter cell or a tunable impedance,

is lastly described.

1. Introduction

Early research on RF MEMS focused on switches or tunable
capacitors. These technologies are nowadays suitable for
designing systems such as high-performance n-bit phase
shifters or simple filters. RF MEMS switches and tunable
capacitors are key components for the next generation of
communication systems such as analog software radio.

Other specific applications, such as true time delay lines
or tunable RF filtering, could also require tunable inductors
to avoid mismatching [1]. A delay line using both tunable
capacitors and tunable inductors maintains the characteristic
impedance constant while the delay can be changed. Therefore
the tunable inductor is also an enabling technology.

Some papers discuss the design and fabrication of tunable
microinductors, using magnetic materials or mechanical
displacements. Circuit inductance increases with the effective
permeability of the surrounding environment. Some magnetic
materials can be driven by a small dc magnetic field applied in
their hard direction, resulting in a permeability variation [2].
Our work is to design tunable microinductors for microwave
communication systems. For this frequency range, over
1 GHz, most magnetic materials become non-magnetic, with
relative permeability . = 1. These materials are unsuitable for
our applications. The recent generation of tunable inductors
also shows that discrete variations have been obtained
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using switched microinductors, with performance primarily
dependent on the switches [3]. Continuous variations have
also been observed either working on the geometry and/or the
coupling coefficient [4]. To date, none of the published tunable
microinductors fit our specifications (high variation ratio,
high frequency range applications). Therefore, to achieve
inductors with high variation ratio and continuous variations
at microwave frequencies, we decided to focus on magnetic
coupling between circuits [5]. In the first part, this paper
presents the design, the fabrication and the measurements
of different kinds of microinductors. Then two key RF
building block functions, a simple phase shifter and a tunable
impedance, are presented.

2. Design of the tunable microinductor

A tunable microinductor can be designed by controlling the
magnetic coupling coefficient between two different circuits.
When two similar inductors L are very close to one another,
the mutual inductor is defined by M = kL, with a coupling
factor k. These inductors can be connected in series or in
parallel while the current flows in two adjacent lines can have
same or opposite directions. If the current flows have the
same direction, M is positive, else M is negative. In theory,
the coupling factor k can take any value between O and 1.
The theoretical variation ratios in all configurations are shown
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Figure 1. Transformer equivalent circuit.

Table 1. Summary of all possible configurations.

Flow
Association  direction  Lror Ratio
Series Same 2Lo(1 +k) (1 + kmax) /(1 + kin)
Parallel Same Lo(1+k)/2 (1 +kpax)/(1 + kmin)
Series Opposite  2Ly(1 — k) (1 = kmin) /(1 — kpax)
Parallel Opposite  Lo(1 —k)/2 (1 — kmin)/ (1 — kmax)
in table 1. Very large tuning ratios can be expected with

opposite current flows. But connections between lines are
technologically complex and introduce parasitic elements, in
particular small constant parasitic inductances. Nevertheless,
it is possible to reach good variation ratios with a simple
transformer configuration.

2.1. Configuration of the transformer

In this configuration, the transformer primary circuit represents
the microinductor. The secondary circuit is short circuited:
it is a loop of the same dimensions as the primary inductor
(figure 1). Moreover, there is no electrical connection between
these two circuits, which reduces parasitic effects.

The two circuits are separated by a dielectric gap of
a few um and are magnetically coupled by the coupling
coefficient k. These two circuits have the same dimensions,
so that they present the same equivalent circuit, which is a
series association (Lo, R). As we have coupling coefficient
k between the two circuits, the equivalent impedance of the
primary becomes (1):

(kLow)®

(R+jLow)’
The imaginary part of the equivalent impedance represents

the equivalent inductance (2), and the equivalent resistance is
extracted from the real part (3):

Zeg = (R+ jLow) + (1)

_ (kLow)?

Leg = Lo <1 T RL (Loa))z) 2)
_ (kLyw)*

R =R (l + R+ (Low)2> . 3)

2.2. Circuit analysis

As shown in table 2, this system exhibits two main behaviors.
Inductance becomes constant at high frequencies depending
on the coupling coefficient. In our design, the tunable
inductor is realized by controlling the gap between the two
circuits. The transformer secondary circuit, the loop, is
patterned on a movable silicon cantilever, which represents
the mechanical part of the structure. This cantilever bends
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Figure 2. Inductance variation for different coupling coefficients .

Table 2. Frequency domains in the transformer configuration.

Low frequencies High frequencies

R >> ng

2
)
2
Ry ~ R[l + (%) ]

under the electrostatic pressure produced by an electrostatic
actuator. The distance between the two circuits is then reduced
and the magnetic coupling coefficient increases, resulting in an
inductance variation. As a consequence, the more the coupling
coefficient increases, the more the inductance decreases, and
unfortunately the more the resistance increases. Figure 2
shows the evolution of the equivalent inductance as a function
of the frequency for different coupling coefficients, using
Lo =2.2nH,R=22.

Since 0 < kmin < kmax < 1, where kpyin and kmax
represent respectively the minimum and the maximum
coupling coefficients, the variation ratio expression (4) is

LQU) > R
Leq ~ LO(1 - kz)

Reqg ® R(1+K%)

o I ktznin
Variation = T2 4)

For example, if kyin = 0.7 and kpax = 0.95, the variation ratio
of the transformer structure is 5.2 as the maximal variation ratio
of table 1 is 6. Nevertheless, the transformer design appears
to be the most efficient structure in the trade-off between
inductance variation and technological process.

3. Fabrication

3.1. Process description

This tunable inductor is processed using two different wafers:
an SOI wafer for mechanical parts and a glass wafer. Seven
masking levels are required for this process. The starting
substrate is a 4 inch glass wafer (figure 3). An air cavity
is obtained using HF wet etching. A metallic layer is
deposited and patterned to create the microinductor, pads for
measurement probes and the first part of actuation electrodes.
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Figure 4. SOI wafer process.

The microinductor and the first electrode are covered by silicon
nitride overlay deposited using plasma-enhanced chemical
vapor deposition (PECVD). Silicon nitride is etched by
reactive ion etching (RIE).

The second substrate is a 4 inch SOI wafer with a
15 pm thick silicon layer on a 2 um thick silicon dioxide
layer (figure 4). The growth of a thermal oxide is followed
by a metal deposition. This layer is patterned to design the
loop and the second part of the actuation electrodes. The
loop and the electrodes can be also covered by silicon nitride

Figure 5. First prototype of tunable microinductor.

Figure 6. Second prototype of tunable microinductor.

overlay deposited using PECVD. The top side is first etched
by deep reactive ion etching (DRIE) and the cantilever is then
released by another DRIE on the backside. Silicon dioxide is
etched by RIE. Lastly, wafers are aligned and bonded by anodic
bonding at low temperature, which is not a standard condition.
The main technological difficulty lies in the anodic bonding
process as it requires high polarization voltage, consequently
creating sticking problems.

3.2. The different prototypes

As seen in the first paragraph, the inductance variation relies on
mechanical displacements. Therefore to reach high variation
ratios we need large mechanical displacements between the
microinductor and the loop. Electrostatic actuation is the
easiest way to achieve mechanical displacements, however
large displacements require high voltage. The first structures
present a 15 um gap and 150 V pull-in voltage (figure 5),
resulting in a measured ratio around 2.

A new mechanical structure (figure 6), has been designed
to increase the variationratio. The displacements are improved
using flexion and torsion bars. In order to also reduce the
pull-in voltage to 60 V, the structure’s dimensions have been
determined by analytic solution, and electro/mechanical finite
element analysis. The simulated maximum displacement
between the two circuits is higher than 30 pum, resulting in
an expected inductance variation ratio of 4. Improvements are
still necessary to overcome stress troubles in mechanical parts
in order to release flat structures, which can be achieved by
modifying some technological parameters.
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Figure 7. Plot of the inductance variation for structure (c) with
actuation voltage from 0 to 150 V.

Table 3. First prototype: structures tested.

Micro-inductor diameter

(in pm) Structure on cantilever
(a) 800 800 um x 800 um square
(b) 800 Nothing
(c) 800 800 um loop
(d) 600 600 pm loop

4. Measurements

4.1. Measurement setup and results

The microwave on-wafer test measurement setup is an Agilent
8722ES vector network analyzer using ground-signal-ground
probes with a 150 um pitch, performed between 0.1 and
5 GHz. With one port of the inductor being grounded,
reflection measurements are performed (S;; parameter). We
need two more probes for dc actuation: the first one is
connected to the RF ground line and the second one to
the cantilever electrode pad (figure 5). We measured the
first structures at different actuation voltages, from 0 V to
150 V, which is the cantilever pull-in voltage. We made
measurements on four different structures: two reference
structures, and two test structures (table 3). All the micro-
inductors and loops are 1 turn 50 um track width inductors.
As reference structures, we used an 800 pum diameter
microinductor associated with a silicon cantilever without a
loop, and one with a metal layer. The high-resistivity silicon
cantilever has little influence on the inductance value. For low
frequencies, the resistor impedance is prevailing, so we have
an inductance value which is frequency dependent. At higher
frequencies, the inductor impedance is greater than the resistor
impedance and the inductance value becomes constant (table 2
and figure 7). Extracted inductance values demonstrate that we
can reach very high variation ratios by optimizing our tunable
microinductor design. The air gap between the microinductor
and the loop is 15 um at 0 V actuation. From 1 GHz to
5 GHz, structure (c¢) has a 0.97 nH microinductor at 0 V and
0.71 nH at 150 V, resulting in a 36% variation ratio. Structure
(d) presents the highest variation ratio reaching 50%: 0.65 nH
at 150 V against 1 nH at 0 V. Without a cantilever, 800 xm
and 600 um diameter microinductors have inductance values
of 2.2 nH and 1.8 nH, respectively. The inductance of the
800 pum diameter first tunable structure becomes almost
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Figure 8. Inductance value extracted from the second prototype.
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Figure 9. Compact lumped element model.

constant over the frequency range of 1-5 GHz. The inductance
between 2.5 GHz and 5 GHz (5), as a function of the actuation
voltage, is extracted from the measurements:

Leg(V) = 0.97 —3.68 x 107V +2.57 x 107°V?
—1.125 x 1077V?  (in nH). 5)

For the second prototype (figure 6), on-wafer measurements
have been performed for three different configurations
(figure 8) from 1 GHz to 15 GHz:

e a 800 um diameter inductor alone, which represents the
ideal maximal inductance value (Lyax ideal);

e the same inductor with the loop and the mechanical part
at the pull-in voltage, which is the minimal inductance
value (Lmin);

e the same inductor with the loop and the mechanical part
at 0 V actuation voltage, which is our real maximal
inductance value (L. at 0 V).

Note that the inductance value of the tunable inductor at
0 V actuation voltage is smaller than the maximal inductance
value this structure can reach. Because the movable parts of the
realized structures bent under mechanical stress, the maximal
air gap between the inductor and the loop at 0 V is reduced. L
at 0 V is therefore underestimated in this instance.

4.2. Equivalent circuit

We built an equivalent circuit based on the design geometry
(figure 9). Elements of this model can be evaluated by classical
equations: both the inductance and the coupling factor are
computed using a magnetic flow method. Wire thickness is
less than the skin depth at 5 GHz, therefore wire resistance
is closed to dc resistance, and the capacitance between the
inductor and the loop is approximated by the ‘parallel-plates
formula’.

Wire resistance is set inside each inductor element. In
figure 9, upper inductors represent the loop, and lower
inductors the microinductor. We only consider magnetic
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Figure 10. Measured inductance versus equivalent circuit
inductance (Mo: model, Ms: measurements).

Figure 11. Series association of a tunable inductor and a tunable
capacitor, mechanical part only (SEM view).

coupling between two adjacent wires; all other coupling
coefficients are neglected. The equivalent circuit for structure
(c)at 0 Vis R =0.72 @, L = 0.51 nH, C = 0.1 pF and
k = 0.84 for each branch. This compact lumped element
model gives results in good agreement with measurements
(figure 10). Since the magnitude curves have a small range
value, from 0.83 to 0.89, the measured magnitude appears very
noisy. The measured phase is also noisy but the scale value is
higher.

5. Tunable RF systems

5.1. Design

We decided to use this tunable inductor to design tunable RF
basic functions, which is the first step in the conception of
future reconfigurable wideband systems. The first system is
a simple series association of one tunable inductor and one
basic metal-air—-metal (MAM) tunable capacitor (figure 11).
This tunable impedance presents either a capacitive behavior
or an inductive behavior, depending on the applied actuation
voltages. The integration of the different components on
the same wafer is performed using the same technological
process for both inductors and capacitors. The components
are connected by CPW patterned on the glass wafer.

The second system realized is a tunable phase shifter based
on the simple 7 high-pass cell (figure 12). This design is

.CPW c é
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i

Figure 13. The tunable phase shifter realized (SEM view).
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Figure 14. Simulated phase shift for different actuation
configurations (including measurement data).

composed of two parallel tunable inductors and one metal—
insulator—-metal (MIM) constant value capacitor (figure 13).
We have also designed a phase shifter in which both the
inductors and the MAM capacitor are tunable.

5.2. Simulations

Simulations of the designed phase shifter have been performed
using the measurement data-set files of the second tunable
inductor from 1 to 15 GHz. The schematic of the system
(figure 12) is simulated using Agilent ADS, the tunable inductor
being replaced by the S;; measured parameter for different
configurations, and the capacitor by a 1 pF MIM capacitor. We
can observe a simulated phase shift of 25° at 5 GHz and 48° at
8 GHz (figure 14). As the inductance variations are
continuous, we will measure continuous phase shift, but the
real phase shift will be more important than the simulated
value, as the simulation includes measurements of the
deformed mechanical structure inductor at 0 V actuation.
Moreover, this tunable phase shifter is designed using only
tunable inductors, consequently the averaging return losses
and insertion losses are important due to mismatching
problems. Another phase shifter has been designed using
two tunable inductors and a tunable MAM capacitor to reduce
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mismatching. This system, having a continuous phase shift,
could be an alternative to the classical n-bit phase shifters

[5, 6].

6. Conclusion

MEMS integrated on silicon wafers, including RF or
microwave functions, appear to be very promising for future
communication systems. The integration of tunable capacitors
and tunable inductors on silicon will offer new possibilities
in wideband filter architectures or new matching solutions.
This paper outlines the capabilities of MEMS tunable
microinductors designed using mechanical displacements
changing the magnetic coupling coefficient between circuits.
It has been demonstrated that such new structures can
reach high variation ratios. First prototypes present 50%
inductance variation and the second prototype variation ratio
is expected to reach at least 4 over 1 to 10 GHz. Further
measurements, at different actuation voltages, have to be
performed, first on the second tunable inductor prototype
and then on the tunable RF systems: a simple tunable
phase shifter (more than 48° phase shift expected at 8 GHz)
and a tunable impedance. To reduce the actuation voltage
while continuing to increase the variation ratio, we will also
consider a new way to realize these structures using polymer
materials.
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