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Abstract: In this paper, we review, evaluate and compare the MEMS tunable inductors. These tunable 
inductors are basically classified into discrete and continuous types for simplicity. Discrete tuning of 
inductors is usually achieved by changing the length or configuration of a transmission line using 
micromachined switches and continuous tuning of inductors is achieved either by changing in 
magnetic core properties or changing in inductor structure characteristics. Each of these types of 
inductors is studied based on tuning range, quality factor, actuation voltage, structure type and etc. 
Different types of discrete and continuous MEMS tunable inductors are stated based on working 
concepts such as series-parallel concept, mutual inductance concept, core properties change concept 
and stored magnetic energy changing concept. Some practical examples are also investigated. Finally, 
the characteristics of some designed and fabricated tunable inductors are listed and comprised in a 
table. 
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INTRODUCTION 
 

The Inductor is an important electrical component and has been used in electrical and electronic circuits 
such as VCO (Voltage Controlled Oscillators), filters, and so on (G.M. Rebeiz, 2003). Inductors are divided 
into fixed-inductance and variable-inductance types. Inductor with variable inductance is the main element of 
the frequency based circuits such as tunable filters (S.Lucyszyn and I. Robertson, 1994), voltage controlled 
oscillators (K. Kobayashi and A. Oki, 1994), (T.Nakamura et al., 2005) and (Y.H.Cho et al., 1997), frequency 
agile radios (Mukhopadhyay, R et al., 2004), reconfigurable impedance matching networks (Dal Fabbro et al., 
2008), RF wireless devices, phase shifters (C.Tassetti et al., 2004) and low noise amplifiers (H. Sugawara et al., 
2005).  

Tune-ability of frequency-based circuits can be done either by capacitors or inductors. In the past, variable 
capacitors have been used in LC circuits and frequency tuning of communication circuits is often done by it 
only. However, the frequency range that can be covered by variable capacitors alone is limited, so the need for 
optimum tuning or impedance matching and also the need for broad frequency range are caused variable 
inductors to be employed dramatically in wireless applications, RF circuits and so on.  

The integrated circuit fabrication process and MEMS (MicroElectroMechanical Systems) fabrication 
techniques can be used for fabrication of tunable inductors. MEMS is a miniaturization technique which 
employs IC fabrication process and some other techniques such as bulk micromachining, anodic bonding, and 
etc to realize structures that could not be fabricated in IC standard process. Employing MEMS technology to 
fabricate the tunable inductors includes some advantages such as possibility of high Q tunable inductors, 
reduction in electrical loss of inductor, large inductance value inductors, and etc.  

In this paper, we review and evaluate the MEMS tunable inductors. For this purpose, tunable inductors are 
divided into continuous and discrete ones. Researches about these types of tunable inductors are studied and 
they are compared with each other in relation to some parameters such as tuning range, quality factor, self-
resonance frequency, excitation method and tuning method. 

 
Tunable Inductor Parameters: 

To evaluate the tunable inductors, some certain parameters have been used. These parameters are: 
 

Tuning Range: 
The inductance change between the first and the last inductance value of an inductor is called tuning range. 

The tuning range can be calculated as below: 
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Where, L1 and L2 is the inductance value of tunable inductor before and after inductance change, 

respectively. The tuning range value depends on application type of tunable inductor. For example, impedance 
matching circuits need the continuous, exact and low tuning range. Communication receivers and transmitters 
need the high tuning range for broad frequency range applications.  

 
Quality factor: 

Quality Factor is one of the most important figures of merit of the inductor and is defined as: 
 

.max

dissP

W
Q                                                              (3) 

 
Where, Wmax is the maximum magnetic energy stored in the inductor, Pdiss is the dissipation energy 

(electrical energy and magnetically induced losses) of inductor and ω is the angular frequency. The quality 
factor is important in that it is an index of contained electromagnetic energies (versus dissipated energy), 
provided to filters and to oscillators at tuned frequency, and an index of the impedance matching efficiency in 
front-end amplifiers (Chuan-Jane Chao et al., 2002).  

 
Primary Inductance Value: 

There is the need for tunable inductors with high primary inductance values in some applications such as 
broad range frequency communication systems; therefore, the primary inductance value is important in tunable 
inductor design.   

 
Self-Resonance Frequency: 

The self-resonance frequency is the upper bound for an inductor to be functional and useful, which is 
affected and determined by the parasitic capacitance resulting from the inductor structure. For example, in spiral 
inductors, the capacitance of the substrate and between coils is the major limit of the self-resonance frequency. 
The high self resonance frequency allows the high tuning range.                               

 
Tunable Inductor Classification: 

Tunable inductors are generally classified into two main groups: continuous tunable inductors and discrete 
tunable one. Continuous type tunable inductors are the ones whose inductance can be changed continuously, 
while that of discrete types change digitally. 

 
Discrete Tunable Inductors: 

Discrete tuning of inductors is usually achieved by changing the length or configuration of a transmission 
line using micromachined switches. In this method, there are some MEMS switches in the structure of the 
inductor, which are opened or closed during tuning process and change the total inductance of the structure.  

Employing of switches in the body of the tunable inductor has some disadvantages: 
First, these switches increase the resistive loss of the inductor; hence, they reduce the quality factor of the 

inductor.  
Second, the space needs for the switches increase the inductor size. Therefore, there are application limits, 

especially where the die size is critical. 
Third, there were limitations in number of switches. More switches increases the tuning range; however, 

they decrease the quality factor (due to resistive loss) and increase the overall die size. 
This method can be accomplished based on two concepts: 

 
Series And Shunt Inductor Concepts: 

In this method, there are some inductors that would be series or shunt employing switches. The total 
inductance is increased (series method) or is decreased (shunt method). This concept is depicted in fig 1. 

Employing switches to discrete inductance tuning of an inductor using series and shunt inductor method 
has been carried out by many researchers (Piljae Park et al., 2004), (S.Zhou et al., 1999), (D. Peroulis et al., 
2001) and (S. Lee et al., 2005).  
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Fig. 1: Inductance tuning using switches (series and parallel concept). 

 
In (Piljae Park et al., 2004), three spiral stacked inductors with two MOSFET switch is used as a tunable 

inductor (fig. 2). This structure is fabricated with CMOS technology and inductance changes from 8nH to 23nH 
at 2.4GHz with 1.6 V applied voltage. Due to stacked spiral inductors, the compact size is achieved. Because of 
ohmic losses of MOSFET switches, the quality factor of this structure is degraded. 

 

 
Fig. 2: Tunable inductor using series inductors and MOSFET switches (Piljae Park et al., 2004). 

 
(S. Zhou et al., 1999)’s structure consists of micromachined microrelays for digital controlled of tunable 

spiral inductor. Sixteen different inductance values from 2.5nH to 324nH have been approached. Combination 
of thermal and electrostatic actuation is used to actuate the microrelays with the 20 V and 8mW applied voltage. 

In (D. Peroulis et al., 2001), shunt MEMS switches are employed for tuning the values of inductor in a 
transmission line. An inductive short CPW stub exhibits similar properties to the series inductors. The structure 
includes a metallic plate suspended on top of the inductor and the ground plane (Fig 3). The plate completely 
covers the inductive stub and a part of the ground plane. In the up-state, the plate should not substantially affect 
the value of the inductance. In the down state, the stub is effectively shortened by the capacitively formed RF 
short and the inductance value changes to an effective inductance. A 2:1 tuning range realized through this 
technique. 
 
Magnetic Coupling Coefficient Concept: 

In this method, the mutual inductance concept is used to inductance tuning. As depicted in fig4 total 
inductance of the structure is taken from port one and a plurality of inductors at port two. When the switches 
used at port two are actuated, the magnetic coupling coefficient changes and hence total inductance from port 
one is tuned.  
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Fig. 3: Tunable shunt inductor (a) and simulation results (b) (D. Peroulis et al., 2001). 
 

 
 
Fig. 4: The Tunable inductor based on mutual inductance concept. 
 

The inductance taken from port one is calculated by: 
Where, Li is the ith inductor at port two, bi is 0 or 1 (switch open or close state), ki is the magnetic coupling 

coefficient, Ri is the series resistance of each inductor at port two (plus the contact resistance of its 
corresponding switch), and ω is the angular frequency.  

The quality factor decreasing due to ohmic losses of switches and limits of the number of the switches are 
drawbacks of this method. 

A digitally tunable inductor based on change in magnetic coupling coefficient is introduced in (Mina Rais-
zadeh et al., 2008). As depicted in fig5, the structure consists of two inductors at port two, which are in series 
connection with a vertical resistive switch through a narrow spring. Because of the small stiffness of the switch, 
the actuation voltage of the switches is low (for gap of 3.8μm, 40V). In order to achieve a large tuning range 
and a high quality factor, silver was used as the structural material, and was selectively removed from the 
backside of the substrate. A maximum tuning range of %47 at 6GHz is achieved for a 1.1nH silver inductor 
fabricated on a low-loss polymer membrane. 

 
Fig. 5: A mutual inductance based tunable inductor (Mina Rais-zadeh et al., 2008). 
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Continuous Tunable Inductors: 
Continuous tuning of inductors is usually achieved either by changing in magnetic core properties such as 

changing in permeability of core, displacing the core, or changing in inductor structure characteristics such as 
changing in length, area and turns of inductor and using movable structures with large traveling range in mutual 
inductance. This kind of tunable inductor is generally used in exact tuning circuits and systems such as filters, 
impedance matching networks, LNA, VCO and etc.  

To achieve high tuning range in this method, a large displacing and traveling of moveable structures is 
needed; hence, the high actuation voltage would be required. The other drawback is the complicated overall 
structure which caused problems in the fabrication. 

The continuous tuning of inductance can be divided into two general groups: 
 
Magnetic Properties Changing Based Tunable Inductors: 

In this method, the magnetic property of inductor core such as permeability is changed. Hence, the pure 
magnetic energy stored is changed and the inductance is tuned. These inductors are classified to: 
 
Magneto-Elastic Coupling Effect: 

When a thin film magnetic core is placed through a stress, its magnetic properties are changed. This is 
called magneto-elastic coupling. The relationship for the frequency-dependant permeability of a thin 
ferromagnetic film can be obtained using a general Landau-Lifshitz-Gilbert (LLG) theory as (B.Viala et al., 
2005): 
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Where, Ms is the saturation magnetization, Heff is the total effective filed, α is a phenomenological damping 

constant, γ is the gyromagnetic ratio, and ω is the frequency of operation. This relationship can be written as: 
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Where, ' is the real part of the permeability, '' is the imaginary part of the permeability, Lm id the 

contribution of the magnetic film to the inductance of the inductor, Rm is the contribution of the magnetic film 
to the loss the inductor and A is a constant dependent on the geometry of the inductor.  

Reference (Owen Casha and Dominique Morche, 2008) introduces a tunable inductor based on magneto-
elastic coupling effect. This tunable inductor (fig 6) consists of a thin film ferromagnetic material whose 
permeability is tuned via magneto-elastic coupling using a piezoelectric planar actuator which consumes 
negligible power. A tuning range about %42 is achieved using this structure. 

 

 
Fig. 6: A magneto-elastic coupling based tunable inductor (Owen Casha and Dominique Morche, 2008). 

 
Magneto-Impedance Effect: 

In this method, the tuning is achieved by modulating the permeability of the soft magnetic layer in a 
magnetic film inductor which is called magneto-impedance effect. A DC control current IC is applied to the 
control coil winding around the magnetic inductor body (fig7). The inductance L of the inductor varies with IC 

which is described as: 
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Where, tm is the thickness of the magnetic film layer, IC is the DC control current, f is the operating 

frequency, and l is the length of the structure. 

 
Fig. 7: Schematic diagram of the magneto-impedance effect tunable inductor (N. Ning et al., 2006). 
 

A novel magnetic tunable inductor structure was introduced by (N. Ning et al., 2006). The proposed 
tunable inductor consists of two elements, a magnetic inductor body and an insulated control coil. The magnetic 
inductor body is wound by an insulated coil that induces a longitudinal DC magnetic field when a DC control 
current passes through it. The tunable range depends on the frequency of the current flowing through the 
inductor. A maximum tuning range about %18 at low frequency (around 5MHz) is achieved by applying a bias 
current of magnitude merely up to 15mA. This structure can be realized in MEMS technology. Not 
superimposing onto the working current, achieving a tunable inductor using small magnetic field and an overall 
small size of inductor due to magnetic film layer are the advantages of the (N. Ning et al., 2006)’s design.  

 
Core Displacement Effect: 

When the core of an inductor displaces, the stored magnetic energy of inductor is changed, and hence the 
inductance of inductor is tuned. Displacing the core needs a large actuation system for movable structures. 
Although significant tuning can be accessed employing this method, the fabrication or the actuation techniques 
would be complex and make the on-chip implementation difficult. 

N. Sarkar et al., designed and fabricated a microassembled tunable MEMS inductor (N.Sarkar etal., 2005). 
This structure consists of a MEMS translation stage, a copper electroplated solenoid inductor and a 
ferromagnetic NiFe core, integrated on a Pyrex sub-mount. This system utilizes library of silicon microgrippers, 
sockets and handles. This system can be assembled by a 5 degree-of-freedom. The tunable inductor was 
achieved employing various core materials from 300 kHz to 20GHz, a Q over 50 and inductance values from 
5.5nH to 40nH over its useful frequency range. The actuation voltage for this design was 7v. 

(M.M. Teymoori and J. Merrikhi Ahangarkolaei, 2011) is designed and simulated an electrostatic MEMS 
tunable inductor based on core displacement method. His designed structure consists of a solenoid inductor, two 
cores at two sides of the solenoid inductor, two cantilever beams which is attached to cores and electrodes of the 
electrostatic actuation (fig 8). The laminated NiFe is utilized for core material, because of its low conductivity 
and the polysilicon is employed for cantilever beam because of its good mechanical properties. The structure is 
simulated using COMSOL software and simulation results are shown a 31% tuning range at the frequency of 
8GHz and a quality factor of 5.6. The required electrostatic actuation voltage is 86.2V. 
 
Mutual Inductance Change Based Continuous Tunable Inductors: 

In this method, the magnetic coupling coefficient is continuously changed. There are several ways for this 
purpose such as displacing two adjacent vertical or horizontal inductors employing thermal or electrostatic 
actuation and meander type inductors.  

(Jeong-Il Kim and Dimitrios Peroulis, 2009) proposed a tunable MEMS inductor based on mutual 
inductance change operation. The thermal actuation is employed in this structure (fig 9). 

(Jeong-Il Kim and Dimitrios Peroulis, 2009) employs the same concept of (Mina Rais-zadeh et al., 2008) 
for inductor tuning, except that Kim’s structure continuously tunes the inductor. Based on a transformer 
configuration, the inductance of a spiral inductor is tuned by controlling the relative position of a magnetically 
coupled short-circuited loop. The magnetic coupling of the (Jeong-Il Kim and Dimitrios Peroulis, 2009)’s 
structure is changed from 0.17 to 0.8 through an electrothermal actuator. The tuning range of this structure is 
about %100 over a wide frequency range of 25GHz. The quality factor is 10 to 26 at the measured frequency.  

Other research works about this method have also been carried out (Imed Zein-El-Abidine et al., 2005) and 
(Imed Zein-El-Abidine et al., 2003). 
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Fig. 8: Schematic diagram of core-displacement method tunable inductor (M.M. Teymoori and J. Merrikhi 

Ahangarkolaei, 2011). 
 

 
Fig. 9: A magnetic coupling effect electrothermal tunable inductor (Jeong-Il Kim and Dimitrios Peroulis, 2009). 

 
The electrostatic actuation is used to change the mutual inductance in (Usama Zaghloul etal., 2006). In this 

structure, two inductors are separated by an air gap of 15μm. He structure is depicted in fig10. The inductance 
value is changed from 1.69 to 6.35 nH resulting in a tuning range of %294. The inductor has a maximum 
quality factor of about 9 at measured frequency.  

 

 
Fig. 10: An electrostatic mutual inductance change based tunable inductor (Usama Zaghloul et al., 2006). 

 
Current Loop Area Change Based Tunable Inductors: 

The self inductance L of a current loop is given by (Imed Zein-El-Abidine, 2005): 
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Where, I is the loop current, AB   the magnetic flux density induced by I, A the vector potential, 
and S the surface enclosed by the loop C. r is the distance between dl and dl’. This equation can be written as: 
 

2.. nSL                                                                                          (9) 

 
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.  
Mizouchi employs the meander-type inductors to show how the loop area can affect the inductance of 

inductor (Yutaka Mizuochi et al., 2009). Figure 11 shows the fabricated meander-type inductors. 

 
Fig. 11: Micrographs of fabricated meander-type inductors (Yutaka Mizuochi et al., 2009). 

 
A tuning range of %108 and quality factor of about 17 at 100MHz is achieved by this method.  
 

Magnetic Energy Change Based Tunable Inductors: 
If the magnetic energy stored in an inductor changes, then the inductance of inductor will be varied and the 

tunable inductor is achieved.  
Gmati et al., describe how we can change the stored magnetic energy in an inductor employing short-circuit 

phenomena (Issam Gmatid et al., 2008). They use a micropump, fluid conductor as mercury and a spiral 
inductor fabricated on a SI CMOS chip (figure12). 

As shown in figure11, the micropump activates the mercury displacement employing passive microvalves. 
The mercury (fluid) moves between inter-spires distance and shortening the path length of current through the 
structure. Hence, the stored magnetic energy and inductance is reduced. The proposed design for tunable 
inductor by Gmati et al., (2008) has tuning range of above %100 which changes continuously from 2.22nH to 
0.88nH. 

 
Fig. 12: The structure of a tunable inductor Based on Stored Magnetic Energy (Issam Gmatid et al., 2008). 

 
The wide tuning is one of the major advantages of this method and complexity is its drawback.  
The other research works have been carried out to design and fabricate new and improved tunable inductors 

(Dong-Hoon Choi et al., 2009) and (Balachandran, S., et al., 2004). 
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Tunable Inductors Comparison: 
To clarify an overall view and exact understanding about the tunable MEMS inductors, we categorized the 

abovementioned inductor characteristics in the table I. This table includes the tuning range, primary inductance 
value, quality factor, actuation voltage and the tuning method of the tunable inductors. 
 
Table 1: Comparison of Tunable inductors (* Data not found). 

Reference 
Tuning 
Type 

Primary 
Inductance Value 

Tuning 
Range 

Quality 
Factor 

Actuation 
Voltage 

Tuning Method 

Piljae Park et al., 
2004 

Discrete 8 nH <%200 
7 at 

 2GHz 
1.6 V Series Inductors  

S.Zhou et al., 1999 Discrete 2.5 nH >%1000 * 20 V Series Inductors  
D.Peroulis et al., 
2001 

Discrete 
9.5 pH 

 or 18 pH 
<%50 

19 
 at 10GHz 

* 
Series and parallel 

inductors 
Mina Rais-zadeh et 
al., 2008 

Discrete 1.1 nH %47 
20-45 

 at 6GHz 
40V 

Magnetic Coupling 
Coefficient 

Owen Casha and 
Dominique Morche, 
2008 

Continuous 1.83 nH %42 12 at 2GHz 1.2 V Permeability Change 

N.Ning et al., 2006 Continuous * >%18 
5-17 at 1-
80MHz 

>15mA Magneto-impedance 

N.Sarkar et al., 2005 Continuous 5.5 nH >%400 
50 at 

10GHz 
7V Core Displacement 

M.M.Teymoori and 
J.Merrikhi 
Ahangarkolaei, 2011 

Continuous 0.245 nH %31 5.6 at 8GHz 86.2 V Core Displacement 

Jeong-Il Kim and 
Dimitrios Peroulis, 
2009 

Continuous 0.5 nH >%100 
10-26 at 
25GHz 

<10mW 
Magnetic Coupling 

Coefficient 

Imed Zein-El-
Abidine et al., 2005 

Continuous 
0.748 nH 
0.889 nH 

%18-%30 
9.8-24.3 at 

7GHz 
155 mV 

Magnetic Coupling 
Coefficient 

Imed Zein-El-
Abidine et al., 2003 

Continuous 1.185 nH %13 * * 
Magnetic Coupling 

Coefficient 
Usama Zaghloul et 
al., 2006 

Continuous 1.69 nH %294 
8.83 at 
25GHz 

140 V 
Magnetic Coupling 

Coefficient 
Yutaka Mizuochi et 
al., 2009 

Continuous 2.65 nH %108 
17 at 

100MHz 
* Current loop Area 

Issam Gmatid et al., 
2008 

Continuous 2.2 nH >%100 
27 at 

  8.3 GHz 
* 

Magnetic energy 
stored 

Dong-Hoon Choi et 
al., 2009 

Discrete- 
Continuous 

1.5 nH >%200 4 at 25GHz 55-60V Series Inductors 

 
Conclusion: 

The MEMS tunable inductors are reviewed and investigated. For this purpose, tunable inductors are 
classified into two main groups: Discrete type and Continuous type. Each of these groups is itself classified into 
other types based on tuning mechanism, actuation mechanism and so on. The discrete type tunable inductors are 
those whose inductance changes digitally employing series-parallel inductors concept, magnetic coupling 
coefficient concept, and CPW lines concept. The continuous type tunable inductors work based on continuously 
inductance changing and categorized into different types such as core properties changing concept, mutual 
inductance based inductors, store magnetic energy based inductors, and so on. Some properties of tunable 
inductors such as quality factor, tuning range, actuation voltage, etc. are investigated and listed in a table.  
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