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Abstract: - This paper presents the design and simulation of two-variable MEMS inductors for high-frequency 
applications. In two cases, the inductors' cores are enclosed between two tunable metal plates. The medium 
permeability changes in response to iron plate movement, ensuring a high-tuning range above 250%. The first 
inductor is designed for the 10 GHz range, and the inductance value is comprised of Lmin = 3.37 nH and 
increases to Lmax = 11.8 nH. Similar inductance values are obtained for the second inductor, but it is designed 
to work at 20 GHz. Furthermore, the maximum value of the quality factor of the second inductor is slightly 
higher than the first one and reaches Qmax = 17.5. 
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1   Introduction 
Integrated inductors are essential components in 
modern RF circuits and have been studied in several 
recent works, [1], [2], [3], [4], [5]. In the early 
development of variable inductors, switchable 
inductors were the first design choice as a means of 
varying inductance values. This was first done using 
MEMS micro-relays, which were used to change the 
effective number of coil turns. However, inductors' 
values are not continuously tuned. In addition, most 
of them suffered from a low Q factor due to the high 
contact resistance of micro-relays, which limited 
their use in RF applications. The first known 
improvements have used MOSFET switches, which 
ensure continuous inductance variation. With this 
technique, [6], a total range of 8–23 nH at 2.4 GHz 
was reached. However, the Q factor peak was 
relatively small due to switch losses. Afterward, in a 
later work, [7], by optimally calculating the inductor 
layout parameters, such as the coil dimensions, the 
spacing, and the turn number. They improved the Q 
factor by optimizing the design of switchable 
inductors. 

Subsequently, in this paper, we present two 
continuous tunable inductors intended to be 
integrated into 10 GHz and 20 GHz synthesizers. 

We used an etched substrate in order to eliminate 
the current leakage effect and to insert a metal plate 
underneath the inductor core. The displacement of 
two metal plates increases the inductance tuning 
range and enlarges the resonant frequency response. 
In the first part, we extend the design and the 
variation principle using a 3D FEM tool. Then, we 
present the obtained results in two cases, essentially 
the quality factor and inductance value in response 
to frequency and metal plate distances. Finally, we 
discuss and compare our work with close literature 
works presenting the effects of actuation techniques 
on inductor performances. 
 

 

2   Variation Principle 
Variable MEMS inductors provide the flexibility 
and adaptability needed to meet the changing 
performance requirements of RF circuits. Each 
design method has advantages and disadvantages, 
and the optimal choice depends on system 
specifications and trade-offs between performance, 
design complexity, and power consumption. 
Continued research in this area is necessary to 
improve the performance and reduce the 
manufacturing costs of these critical components. 
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Our methodology is to eliminate parasites by 
etching the substrate and increasing the variation by 
using two actuated plates. Indeed, we ensure higher 
performances than geometry or permittivity 
methods.  

The distance between the inductor core and the 
metal plate influences the medium permeability and 
the performance of the MEMS inductor. The 
induced current in a metal plate changes in response 
to displacement and excitation frequency. In our 
case, two metal plates are tuned to increase the 
induced current effect on the inductance value and 
to increase the tuning range. The inductor is 
supposed to be used in a frequency synthesizer 
working at 10 GHz and 20 GHz. Consequently, we 
have designed two spirals’ inductors with a different 
number of turns. The second spiral inductor has 2.5 
turns, and the spiral dimensions are optimized to 
allow maximum tuning range for 20 GHz 
applications, [8], [9], [10], [11], [12], [13]. 
 

 

3   Integrated Inductor Design 
The proposed inductor in Figure 1 is designed using 
modulated 4.5 turns spaced by 2 µm. The width of 
each spiral increases by 5 µm and reaches 25 µm at 
the last spiral. The inductor coil layer is constituted 
of 4µm thick copper deposited on a silicon 
substrate. Figure 1 illustrates two technological 
aspects, the first one is presented from the three-
dimensional perspective of a classic integrated 
inductor, and the second one shows an etched 
substrate known as a MEMS inductor. 

 
(a) 

 
(b) 

Fig. 1: (a) 3D perspective of spiral inductor (b) RF 
MEMS spiral inductor 

To evaluate the inductors’ performances, we 
used a FEM tool at frequencies between 0.1 GHz 
and 20 GHz. The determination of the inductance 
value and its quality factor can be calculated by the 
following equations: 

 
𝑦1 = 𝑆11 − (

𝑆11∗𝑆21

1+𝑆22
)   (1) 

𝑦2 = 𝑆22 − (
𝑆12∗𝑆21

1+𝑆11
)   (2) 

𝑍𝑎 = (
1+𝑦1

1−𝑦1
)    (3) 

𝑍𝑏 = (
1+𝑦2

1−𝑦2
)    (4) 

𝑖𝑛𝑑 = (
𝐼𝑚(𝑍𝑎)+𝐼𝑚(𝑍𝑏)

2П𝑓
)   (5) 

𝑄 = (
𝐼𝑚(𝑍𝑎)+𝐼𝑚(𝑍𝑏)

𝑅𝑒(𝑍𝑎)∗𝑅𝑒(𝑍𝑏)
)   (6) 

 
The obtained results of both structures are 

illustrated in Figure 2. 
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Fig. 2: Inductors performances in response to 
frequency variation (a) inductance value (b) quality 
factor 
 

In two cases, the inductance increases in 
response to frequency and reaches a limit of self-
resonant frequency, respectively, at 7.5 GHz for the 
classic inductor and 12.6 GHz for the MEMS 
inductor. Furthermore, as we can see in Figure 2(b), 
we obtain an important amelioration in quality 
factor value using an etched substrate: Qmax=15.9 
at 2.2 GHz. This quality factor value is due to the 
limitation of parasitic effects of the silicon substrate 
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in a classic inductor, and the maximal quality factor 
was Qmax=12.9 and obtained at 1.2 GHz. 

 
 

4   10 GHz Inductor Design 
To ameliorate the performance of the MEMS 
inductor, we have enclosed the spiral coil with two 
metal plates as shown in Figure 3. The displacement 
interval of two plates is between 50 µm and 150 µm. 
The technological characteristics of the used iron 
are: conductivity is equal to σ = 10.3E6 S/m, and 
magnetic permeability is equal to µr=4000. Their 
geometric dimensions are as follows: length and 
width are equal to 215 µm and thickness is equal to 
10 µm. The presented spiral inductor in Figure 3 is 
designed to be used for 10 GHz applications, [14], 
[15], [16], [17], [18], [19], [20]. 
 

 
Fig. 3: 3D perspective of 4.5 turns MEMS inductor 
  

We have plotted in Figure 4 the variation curves 
of inductance and quality factor as a function of 
frequency for six positions of the iron plates 
enclosing the inductor core:  
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Fig. 4: Inductor performances in response to 
frequency :(a) inductance value, (b) quality factor 
 

When the metal plates are closer to the inductor 
core, in our case the first distance is 50 µm, the 
resonant frequency increases and reaches 17.5 GHz. 
Nevertheless, the quality factor decreases when the 
metal plate distance is closer, and the maximum 
quality factor reaches 14.2 at the last distance is 150 
µm. For this first 4.5T inductor, the tuning range at 
10 GHz is lower than that obtained at 20 GHz, and 
for this reason, we have designed the second spiral 
inductor shown in the next paragraph. 

 
 

5   20 GHz Inductor Design 
In this design, we have used a 2.5T spiral MEMS 
inductor enclosed by two iron plates. In the same 
way, the two-plate displacement interval is between 
50 µm and 150 µm. Figure 5 shows the 3D 
perspective view of the 2.5T spiral MEMS inductor 
enclosed by two metal plates: 
 

 
Fig. 5: The 3D perspective of 2.5 turns MEMS 
inductor  
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We have plotted in Figure 6 the variation curves 
of inductance and quality factor as a function of 
frequency for six positions of the iron plates 
enclosing the inductor core: 
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Fig. 6: Inductor performances in response to 
frequency :(a) inductance value, (b) quality factor 

 
It is clearly seen that the second spiral inductor 

has the same performance behavior as the first one, 
in spite of the fact that the resonant frequency is 
much higher. Indeed, the metal plate distance is 
inversely proportional to the frequency response, 
allowing for an increase in the quality factor Qmax 
= 17.8. Nevertheless, the tuning range at 10 GHz is 
higher than the second spiral inductor and reaches 
Tr = 250%. So, this 2.5T spiral inductor is designed 
to work at 20 GHz, where the tuning range reaches 
Tr = 272%, and it is Tr = 59% at 10 GHz. 

 
 

6 MEMS Inductors Performance 

Comparisons 
The Figure 7 presents the inductance value variation 
at 10 GHz for the first inductor and at 20 GHz for 
the second inductor. Furthermore, the resonant 
frequency in response to the metal plate 
displacement for two inductor cases is: 
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Fig. 7: Inductance value and resonant frequency 
variation in response to iron plate displacements (a) 
first design for 10 GHz (b) second design for 20 
GHz 

 
We note that in two cases, the inductance value 

variation is almost linear according to metal plate 
displacements. The second spiral inductor has better 
linearity variation than the first one, as illustrated in 
Figure 5(b). At the first position, the inductance 
value is minimal, and it gradually increases with the 
iron plate movements. Figure 5(b) shows that at 20 
GHz, the inductance value is minimum (Lmin = 
2.44 nH) and increases to Lmax = 9.08 nH, thus 
ensuring a high variation of Tr = 272%. Compared 
to the first 10 GHz inductor, the inductance value is 
at its minimum at Lmin = 3.37 nH and increases to 
Lmax = 11.8 nH with a very similar tuning range of 
Tr = 250%. However, the resonant frequency 
decreases, and it is comprised between 28,14 GHz 
and 21,74 GHz for the second design, and in the 
first case, the frequency range is comprised between 
17.4 GHz and 12.3 GHz. In spite of this, in two 
cases, the frequency range is larger than 5 GHz, but 
it is still limited to a unique multi-band synthesizer. 

In other forms of distance variation, a designed 
inductor is based on the modification of mutual 
inductance, [21]. A double-sided spiral inductor 
composed of aluminum and amorphous silicon (a-
Si) was forced out of a silicon substrate. The 
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actuation phenomenon is due to the differences in 
CTE (Coefficients of Thermal Expansion) between 
aluminum and the a-Si layers. The increase in 
mutual inductance between inductors turns when the 
distances between them decrease as the structure 
flattens. During these transitions, the inductance 
value varied from 5.6 nH to 8.2 nH, indicating an 
adjustment range of 32%, and the maximum Q 
factor achieved was 15. By replacing spiral layers 
with porous anodic alumina (Al-PPA), the Q factor 
increased by 20, [22]. However, the adjustment 
range was reduced to 18%, and in addition, the 
deformation was rather arbitrary. Indeed, in our 
design, we fixed the inductor core and varied the 
medium permeability in order to control with 
accuracy and increase the inductance variation 
better than other previous works presented in the 
literature, [21], [22]. 

 
 

7   Conclusion 
This paper demystifies the idea of designing the 
appropriate dispositive for a limited frequency 
range. Indeed, two continuous tunable inductors are 
designed to have the same inductance value range 
and are separated by 10 GHz in their frequency 
response. Each inductor serves a specific 
synthesizer RF application. In the second case, the 
obtained results show that the tuning range at 20 
GHz is four times higher than that obtained at 10 
GHz, with Tr = 272% and Tr = 59%, respectively, 
for the 20 GHz and 10 GHz designs. Thus, we have 
designed a 4.5T spiral MEMS inductor to respond to 
a large frequency difference at 10 GHz. The 
obtained results show comparable performances in 
the 10 GHz frequency range (Tr = 25%). This work 
would be helpful for RF circuit designers working 
on a multiband frequency synthesizer. In future 
work, we will incorporate those new structures into 
VCO architectures. Indeed, in previous work, we 
have developed VCO circuits using fixed inductors, 
and their tuning range is limited. Moreover, we are 
working on a new type of variable MEMS inductor 
using microfluidic actuation to increase the total 
tuning range of the presented inductors in this paper. 
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