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This paper presents the design and characterization of wide band ohmic microswitch with an actuation voltage
as low as 20~25V, and a restoring force of 14.1 uN. The design of the proposed switch is primarily composed of an
electrostatic actuator, bridge membrane, cantilever (beam) and coplanar waveguide, suspended over the substrate.
The analysis shows an insertion loss of -0.002 dB at 1GHz and remains as low as -0.35 dB, even at 100 GHz. The
isolation loss of the switch is sustained at -21.09 dB at 100GHz, with a peak value of -99.58 dB at 1 GHz and up-state
capacitance of 4 fE To our knowledge, this is the first demonstration of a series contact switch, which works over a
wide bandwidth (DC-100 GHz) and with such a high and sustained isolation, even at high frequencies and with an

excellent figure of merit (f.=1/2.pi.Ron.Cu= 39.7 THz).

Keywords: RF MEMS, Quartz substrate, Figure of merit, High isolation, Wide bandwidth, Low actuation voltage,

Broadband antennas

1. INTRODUCTION

The design of the RF MEMS series switch has matured over
the years, with many series switches [1-4] available today. RF
MEMS switches are an attractive replacement to the existing
semiconductor switches, such as PIN diodes and GaAs FETs.
Their mechanical switching action and higher cutoff frequency
makes them superior to other semiconductor switches. Their
salient features include good linearity, very low insertion loss in
ON state and high isolation in OFF state [5-8]. RF MEMS switch-
es with good performance have shown anticipated commercial
production in specific RF applications. However, limitations
including low switching speed, high actuation voltage (voltage
required for operation of the switch), reliability issues and low
power handling capabilities [9] pose a major bottleneck to the
implementation of RF MEMS. Thus, along with RF Response, ac-
tuation voltage and reliability also become major concerns to be
addressed while designing the switch.

It is believed that RF MEMS switches will be high relevant in
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the field of satellite communications, test equipment of RF in-
strumentation, telecom infrastructure in base stations, military
tactical radio and phased arrays. They are expected to have great
pertinence in mobile phones, consumer electronics and also in
IT automotives, such as anti collision radar and roof antennas.
MEMS technology is supposed to bring reformation in the field
of electronics as it would help to create radical devices and ap-
plications that will have notable impact on the performance of
communications systems and circuits. RF MEMS switches are
mainly an amalgamation of mechanical switching action and
electromagnetic actuation.

RF MEMS switches can be broadly classified as: metal-to-
metal contact (series) switches and capacitive (shunt) switches.
Both of these switches employ varying configuration to be driven
either in ON state or OFF state. In a series contact switch, can-
tilever is fixed at one end while the other end is free to move,
whereas the capacitive switches utilize bridge membranes that
are fixed at both ends. The operation of a series switch is initi-
ated by applying a bias voltage under the strip which after reach-
ing a certain value (pull in voltage) causes the strip to snap down
on the bottom electrode. The opposite tensile force is unable
to override the electrostatic force; hence the cantilever bends
downward thereby shorting the input and output t-line mak-
ing the switch conductive. In metal shunt switches, the layer of
dielectric between the parallel bridge and t-line forms a capaci-
tor. The switch is driven in OFF state by creating a small resistive
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path between the t-line and the ground. For the switch to be op-
erated in ON state, the applied pull in voltage must be removed,
which would in turn tunnel the complete RF signal from source
to drain.

This paper presents an unprecedented approach of designing
a robust low loss MEMS series switch providing an excellent RF
Response. The switch was designed keeping in mind the need
for a series switch that can operate over a wideband. Existing
MEMS series switches work on 0~60 GHz, [15] but the proposed
switch is working efficiently upto 97 GHz, thus making it more
suitable for wide band applications and showing an exception
from the previously established norms. The proposed switch’s
novel design gives it the power to route the signal from the signal
line to the ground when the beam is in upstate through a bridge
(increasing isolation manifolds) and this design alteration makes
it superior in performance from earlier series switches. The
switch’s performance is better than those previously proposed
[10-14] and it operates on a wide frequency band.

2. DESIGN APPROACH

The design of the proposed RF MEMS series metal contact
switch is very much inspired by the Radant Switch [13]. The
switch has been designed with 2 crucial modifications. One be-
ing the non-uniform cantilever with low spring constant, which
requires lower actuation voltage, and the other being the Bridge
Membrane, which is positioned over the cantilever. A non-
uniform cantilever improves the insertion of the switch while
the bridge guides the signal from the cantilever (in up-state) to
the ground, and hence enhances the magnitude of isolation and
sustains the same at higher frequencies. When the cantilever is
in up-state, it makes contact with the bridge, which improves the
isolation manifolds and when the switch is actuated, the canti-
lever smacks down, creating a connection between the input t-
line and output t-line allowing almost the entire of the signal to
pass, resulting in a very low insertion loss. Gold (Au) has been
used previously due to its anti stiction property to achieve the
constraint of low voltage .The switch has been designed over a
Silicon (Si) substrate of a thickness of 100 pm with the coplanar
waveguide dimensions 55/90/55 pm. Previously series switches
operated over the range from DC-60 GHz. Some of the switches
in the past, [13,14] have recorded good performance. Compari-
son between the above mentioned switches and our proposed
switch in shown in Table 1.

Table 1. Comparison between the radant, rockwell and proposed
switch.

CONVENTIONAL CONVENTIONAL PROPOSED
PARAMETER
SWITCH I [13] SWITCHII [14] SWITCH
Length (um) 75 250 110
Width (um) 30 150 50/90
Height (um) 1 2.5 3
Spri
pring >100 15 47
Constant (N/m)
Actuation Area
15%x 25 75 %75 10 x 90
(sq. pm)
Actuation
60-80 50-60 20-25
Voltage (V)
Cu (fF) 4 1.75-2 4
. 0.1(0.1-77 GHz)
Insertion (dB)  0.15 (0.1-20 GHz) 0.2 (50 GHz)
0.2 (92 GHz)
Isolation (dB) 40 (4 GHz) 50 (4 GHz) 78 (4 GHz)
Isolation (dB) 27 (20 GHz) 30 (40 GHz) 39 (40 GHz)
Isolation (dB) - 20 (90 GHz) 24 (90 GHz)
Isolation (dB) - - 20 (105GHz)
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2.1 Design fundamentals

The suggested switch is designed on a 100 um thick substrate
of Quartz (SiO,). The coplanar waveguide (CPW) line, which is
characterized at 50 ohms, is mounted over the switch for the RF
signal transmission. Hafnium dioxide (HfO,) was used as sub-
strate dielectric, because of its high dielectric constant (K = 25).
The working principle of the switch is shown in Fig. 1. The opera-
tion of the switch is mainly governed by the modifications car-
ried out in the design of the cantilever and the bridge introduced
above the cantilever.

Behavior of the presented switch is controlled by the gate
voltage. To provide an electrical path between the drain and
the source, the gate voltage equivalent to the actuation volt-
age is applied, while contact between the drain and underside
of the beam is made using a platinum-group metal, which
helps to obtain a stiction-free performance and improve the
lifetime compared to the more commonly used Gold (Au)
contacts [13].

CANTILEVER BRIDGE DRAIN

SOURCE

CONTACT

Fig. 1. Top view of the switch demonstrating the source, drain, canti-
lever & bridge.
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Fig. 2. Front view of the metal contact RF MEMS switch.
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Fig. 3. Schematic representation of the microswitch using FET termi-
nology.
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2.2 Selection of material

One of the prime requirements for switch fabrication is a
smooth and flat surface of the substrate, undamaged and free
from dislocations. Choice of a stable material thus becomes a ne-
cessity. Quartz (SiO,) can serve the purpose, because it possesses
uniform electrical properties and chemical resistance, which is
mandatory for fabrication. It has a very high melting point (1,670
°C), thus can withstand high temperatures. Bridge and Cantile-
ver have been designed using Gold (Au) due to its high electrical
conductivity and anti-stiction tendencies [15]. Platinum (Pt),
because of its hardness and high melting point, is used to design
contacts as it will protect the contacts from pitting and damage
due to overheating. The specifications of various components of
the switch are provided in Table 2.

Table 2. Switch specifications.

Component Length Width Depth Material
Substrate 1,000 600 100 Quartz (Si0,)
CPW(GSG) 90 600 Gold (Au)
Gap NA NA 3 NA
Contacts 90 10 3 Platinum (Pt)
Brid:
ridee 214 40 1 Gold (Au)
Membrane
Anchors 10 40 4 Gold (Au)

2.3 Design of the cantilever

The cantilever is tapered towards the source and broadened
towards drain as shown in Fig. 4. Reason for choosing such de-
sign of cantilever is because of its superior performance in terms
of insertion loss. A comparison describing the effects of two
beams (uniform and non-uniform) are depicted in Fig. 5. The

Fig. 4. Structure of the cantilever.
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Fig. 5. Insertion loss of simple uniform cantilever vs. proposed canti-
lever.
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geometry of the cantilever highly affects the insertion loss which
is well noticeable, in the proposed design.

Repeated hitting of a metal over another causes such as pitting
and hardening, thereby reducing the contact area significantly,
which further increases the contact resistance of the switch. This
is even more predominant in cases of metal contact switches.
Contact failure strongly depends upon the selection of the
contact metal. The Rockwell Science Center [14] demonstrated
that the reliability of electrostatic actuation can be improved by
tailoring the actuation voltage waveform, as it helps to diminish
the impact energy and the resulting degradation of the contact
area. When the gate voltage is applied to actuate the cantilever,
it does not touch the pull down electrode placed beneath. Thus,
a dielectric layer is not needed to isolate the cantilever from the
pull down electrode and hence issues like dielectric charging can
be avoided.

2.4 The bridge

Inclusion of the bridge has highly revamped the switch re-
sponse. This simple adjustment improves the isolation and
return loss of switch manifolds. The role of the bridge is to pro-
vide passage for the signal from source to the ground when the
cantilever is in up-state and touching the bridge, thus, aiding in
isolation. The bridge is made of Gold (Au) and is 1 pm thick. A
comparison has been drawn in Fig. 6, illustrating the advantages
of inculcating the bridge in the design.

 Isolation

Isolation without Bridge

807/
#  Isolation with Bridge

100 & ' } ' }
0 20 40 & 80

Fig. 6. Isolation with and without using a bridge.

Simulations revealed that the bridge proposed in this paper
can improve the performance of the Radant switch [13] (which
is considered to be the most mature DC switch as it was dem-
onstrated over more than 10 billion cycles) in terms of the fre-
quency bandwidth of operation and isolation of twice the value
can be achieved. The literature demonstrates that the absence
of a bridge results in a narrow frequency band. Comparison is
shown in Fig. 6 where it can be clearly seen that the bridge brings
a great difference in the results.

2.5 Contacts

The contact points are made using a thin layer of Platinum (Pt)
to enhance the lifetime of the switch. To increase the power han-
dling capability and decrease insertion loss and resistance, we
have to optimize (increase) the contact between the cantilever
and the drain.

Contact resistance obtained with Gold (Au) metallization is
low in comparison to one using Platinum metal (Pt). This knot of
high contact resistance could be released and the overall switch
resistance and insertion can be reduced by augmenting the gate
area and the contact area. Further reliability enhancement can
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be achieved by the planting of contact points, called ‘asperities’,
on the drain and interior side of the cantilever. These contact
points are independent of each other and lead to a fairly low
isolation and boost reliability. A tradeoff is required to formulate
the number of contact points. With a higher number of contact
points, the series capacitance of the open switch increases,
resulting in a degradation of the isolation. This degradation be-
comes more prominent at high frequency [13], but this problem
is resolved in the presented design through the use of a bridge
that does not allow the increased series capacitance to degrade
isolation.

3. ELECTROMAGNETIC CIRCUIT
MODELING

Figure 7 shows the equivalent circuit of a series switch. In the
down-state, the switch behaves as a simple continuation of the
t-line. Because of this behavior, the current distribution of the
switch is found to be very similar to that of the CPW t-line. Also,
the current is concentrated over the edges of the metal bridge
so that holes can be incorporated at the center of the cantilever.
This will reduce the air resistance and increase the switching
speed of the switch.

R

AR AA

O

Fig. 7. Equivalent circuit of Inline DC-contact MEMS series switches
with one contact area.

3.1 Up-state capacitance

Open ends of the t-line give rise to parasitic capacitance (Cp),
electromagnetic software packages can be used for calculations
of parasitic capacitance) and series capacitance (Cs) exists be-
tween the t-line and the switch metal. Series and parasitic ca-
pacitance together constitute the up-state capacitance. The total
up-state capacitance of the ohmic switch is the same as that of a
shunt switch and is given by:

Cu = Cs + Cp (1)

The total up-state capacitance of the switch is 4 fE

3.2 Down-state resistance

At lower frequencies, the down-state resistance can be ap-
proximated as the series resistance of the switch and, at higher
frequencies, insertion loss is used to represent it. The size of the
contact area, the mechanical force applied, and the quality of
the metal-to-metal contact affect the contact resistance [13]. The
resistance of MEMS series switch is dependent on length and
width of the contact area. The measured insertion loss is - 0.1 to
- 0.2 dB from 1~95 GHz indicating a total switch resistance of 1~2
ohm.
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3.3 Loss

Loss is independent of frequency. A CLR circuit is used for its
calculation because of the lower complexity involved in calcula-
tion and can be calculated as

Loss = 1-|Sy,|* - |S,,]? )

It was found that the loss of the proposed switch is -0.2 dB.
This small value of loss indicates the efficiency of the switch to
transmit signal with very less loss.

4. RESULTS AND DISCUSSION

Due to the bridge and careful design of the cantilever, the pro-
posed design offers excellent RF characteristics in terms of isola-
tion, insertion loss and return loss. Ansoft HFSS is used for simu-
lation of RF performance characteristics.

Figure 8 shows the insertion loss of the proposed design. As is
evident from the figure, the switch has proved its operability over
a wide RF spectrum. In line with the knowledge of previous au-
thors, this is the widest RF performance shown by a metal contact
switch. Performance of the switch over the RF spectrum is ob-
served between 0~100 GHz.

The isolation loss vs. frequency has been shown in Fig. 9,
which demonstrates at peak value of -99.5 dB, which is fairly
high in comparison to all other conventional designs. We can
consider 3 segments, p, q and r. Bandwidth p includes a narrow
frequency range of 0~10 GHz (L, S, C) with isolation above -70

4 Insertion (S12 db)
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Fig. 8. Insertion loss of the proposed switch.
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Fig. 9. Isolation loss of the proposed switch.
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Fig. 10. Return loss of the proposed switch.

Table 3. Improved attributes of the proposed switch.

Frequency (GHz) Insertion (dB) Isolation (dB)  Return Loss (dB)

1 - 0.02642 -99.5812 - 0.02005
10 - 0.05109 - 62.6166 - 0.02880
20 - 0.06993 -50.7721 -0.03270
30 - 0.08654 - 43.2854 - 0.03724
40 - 0.09558 - 38.4321 - 0.04235
50 - 0.09575 -34.9051 - 0.04925
60 - 0.09063 -31.6194 - 0.05933
70 - 0.08957 -28.7244 - 0.07354
80 -0.11119 -26.0729 - 0.09235
90 - 0.18523 - 23.5606 - 0.11644
100 - 0.35169 -21.0992 - 0.14855

dB; q includes frequencies from 11~22 GHz where the isolation is
above -50 dB, and r includes all the remaining frequency bands
where the switch shows isolation above -20 dB.

Discontinuity in a transmission line leads to return loss, which
is the loss of the power in the signal returned. Return Loss in OFF
state is shown in Fig. 10.

The values of insertion, isolation and return loss at various fre-
quencies are tabulated in the Table 3. It is evident from the table
that the switch possesses superior RF performance and is oper-
able over a wide bandwidth.

4.1 Spring constant

The most prominent advantage of the cantilever beam is that
it is free at one end and, because of this, any of the residual stress
within the beam is released. Moreover, the spring constant does
not contain any residual-stress component and, due to the can-
tilever’s free condition at the tip, it does not have any stretching
component [15]. The spring constant (k) of the cantilever is much
smaller than a fixed-fixed beam with the same (#/]) ratio. The cal-
culated value of the spring constant (4.7 N/m) and this low value
of spring constant, further lowers the actuation voltage required.

4.2 Actuation voltage

The dimensions of the switch, as mentioned in Table, provide
us with an actuation voltage of 22V, which is indeed very low in
comparison with the existing series switches. Since the spring
constant (k) and the actuation area (A) are fixed, the value of the
actuation voltage completely depends upon the gap in height be-
tween the membrane and the signal line (g,). The actuation volt-
age (V) of the MEMS switch with spring constant (k) is given by:

kot )2
Vo= 8o 3)
P\ 27¢,4
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where ¢, is the permittivity of free space, g, is the gap between
the cantilever and signal line, and A is the area of actuation.

4.3 Restoring force

The Restoring Force is the force required to restore the beam
to its equilibrium position, as and when the actuation voltage is
removed. It is given by:

F=-Kxx (4)

where K is the spring constant of the beam, and x is the gap
between the signal line and the beam. The restoring force of the
beam for the proposed design is 14.1 pN.

5. CONCLUSIONS

The proposed series RF MEMS switch results in superior isola-
tion, very low insertion loss and employs a wideband switching
circuitry. It has been designed in such a way that it minimizes
any stiction problems and reduces contact resistance, promis-
ing a greater reliability. The novelty of the proposed switch is the
addition of an overhead bridge surpassing the t-line, which ex-
ceptionally enhances the RF performance. The bridge proposed
is integrated in the design of Radant Switch [10], which showed
exceptional reliability. The switch provides excellent isolation of
-99.5 dB (peak value) and insertion as low as -0.3 dB up to 100
GHz. The actuation voltage for the switch is 22'V, which is indeed
very low in comparison to former series switches. The geometry
of the switch is simple, facilitating easy fabrication. Due to its
operability over wide range of frequencies, the switch becomes
suitable in all wide band and satellite communications.

REFERENCES

[1]  C. Bozler, R. Drangmeister, S. Duffy, M. Gouker, J. Knecht, L.
Kushner, R. Parr, S. Rabe, and L. Travis, IEEE MTT-S Int., 1, 153
(2000).

[2] M. Kim, J. B. Hacker, R. E. Mihailovich, and J. E DeNatale, IEEE
Microwave Wireless Compon. Lett., 11, 56 (2001). [DOI: http://
dx.doi.org/10.1109/7260.914301]

[3]  N. E. McGruer, P. M. Zavracky, R. Morrison, S. Majumder, D.
Potter, and M. Schirmer, Sensor Expo (Cleveland, USA, 1999).

[4] J. B. Muldavin G. M. Rebeiz, IEEE Microwave Wire-
less Compon. Lett., 11, 373 (2001). [DOI: http://dx.doi.
0rg/10.1109/7260.950765]

[5] Z.Yao, S. Chen, S. Eshelman, D. Denniston, and C. Gold-
smith, IEEE J. MEMS, 8, 129 (1999). [DOI: http://dx.doi.
0rg/10.1109/84.767108]

[6] G. M. Rebeiz, C. D. Patel, S. K. Han, C. Ko, and K. M. Ho, Mi-
crowave Magazine, IEEE, 14, 57 (2013). [DOI: http://dx.doi.
org/10.1109/MMM.2012.2226540]

[7]  O. Bayraktar, O. A. Civi, and T. Akin, IEEE Transactions on An-
tennas and Propagation, 60, 854 (2012). [DOL: http://dx.doi.
0rg/10.1109/TAP2011.2173099]

[8] A.Pourziad, S. Nikmehr, and H. Veladi, Prog. in Electromagnet-
ics Research, 139, 389 (2013). [DOI: http://dx.doi.org/10.2528/
PIER13012303]

[9]1 J.J.Yao and M. E Chang, International Conference on Solid-
State Sensors and Actuators Digest (Stockholm, Sweden, 1995) p.
384-387.

[10] Q. A. Huang, L. E Wang, J. Y. Tang, Y. Q. Zhu, and L. Han, IEEE



188

[11]

[12]

[13]

Electron Device Letters, 34, 1062 (2013). [DOI: http://dx.doi.
org/10.1109/LED.2013.2269993]

S. Sengupta and K. U. Kiran, Proc. of IEEE, 2nd International
Conference On Electronics and Communication System (ICECS),
1110 (2015).

G. L. Tan and G. M. Rebiez, IEEE Microwave and Wireless Com-
ponents Letters, 12,212 (2002). [DOLI: http://dx.doi.org/10.1109/
LMWC.2002.1009998]

J. Lampen, S. Majumder, R. Morrison, and A. Chaudhry, Inter-
national Journal of RF and Microwave Computer-Aided Engi-

Trans. Electr. Electron. Mater. 17(4) 183 (2016): M. Jha etal. /N

(14]

(15]

neering - RF Applications of MEMS and Micromachining, 14,
338 (2004).

R. E. Mihailovich, M. Kim, J. B. Hacker, E. A. Sovero, J. Studer,
J. A. Higgins, and J. E DeNatale, IEEE Microwave and Wire-
less Components Leners, 11, 53 (2001). [DOI: http://dx.doi.
0rg/10.1109/7260.914300]

G. M. Rebeiz, RF MEMS: Theory, Design, and Technol-
ogy (Hoboken, NJ: J. Wiley, 2003). [DOI: http://dx.doi.
0rg/10.1002/0471225282]



