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High-Power High-Isolation RF-MEMS Switches
with Enhanced Hot-switching Reliability Using A

Shunt Protection Technique
Yuhao Liu, Yusha Bey, and Xiaoguang Liu, Member, IEEE

Abstract—This paper presents a shunt protection technique
to improve the hot-switching reliability of metal-contact radio-
frequency micro-electromechanical (RF-MEMS) switches. The
proposed technique places shunt protection contacts in front of
the main contact of an RF-MEMS metal contact switch to block
RF signal while the main contact is switching on or off. The
shunt protection contact creates a local cold-switching condition
for the main contact to increase the lifetime of the switch under
hot-switching condition. The shunt protection technique can also
increase the overall isolation of the switch. To demonstrate
the technique, RF-MEMS switches with and without shunt
protection were fabricated using all metal process. Compared
with unprotected switch, the protected switch has longer lifetime
under hot-switching condition. The protected switch has >100
million cycles and up to 500 million cycles lifetime under 1-W
hot-switching condition, measured in open-air lab environment.
Besides, the isolation of the shunt-protected switch is 70 dB at
1.0 GHz and 36 dB at 40 GHz, and insertion loss is 0.30 dB at
1.0 GHz and 0.43 dB at 40 GHz.

Index Terms—RF MEMS, MEMS switch, RF micro-
electromechanical systems, MEMS reliability, hot-switching

I. INTRODUCTION

METAL-CONTACT radio-frequency microelectrome-

chanical switches exhibit superior RF performance in

terms of bandwidth, linearity, insertion loss, power consump-

tion, and isolation [1]–[5]. Metal-contact RF-MEMS switches

have been demonstrated by several research groups [6]–[12]

and are also actively being commercialized by several com-

panies. Despite the promising RF performances, conventional

designs of metal-contact RF-MEMS switches often suffer from

reliability issues, leading to a limited lifetime and uncertain

mean-time-to-failure [13]–[20]. Among all the reliability is-

sues, hot-switching damage is one of the limiting factors [21]–

[28]. The hot-switching condition refers to when the switch

turns on and off without turning off the RF signal. Compared

to cold-switching, hot-switching incurs additional damages to

the switch contacts. The main damage mechanisms include

(a) field evaporation at small separations between contacts; (b)

field emission at small separations which leads to heating from

electron bombardment, followed by either melting or evapo-

ration of contact material; (c) electromigration; (d) formation
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of plasma comprising metal ions, followed by ions attracted

toward the cathode [21]. These additional damages are caused

by a local potential difference between the top contact dimple

and bottom electrode during hot-switching.

In our previous work [29], we have proposed and exper-

imentally validated a series protection technique to improve

the hot-switching reliability by connecting the input port and

output port with a secondary protective contact to lower the

voltage potential difference before the main contact turns on

and off. However, since the protection contact and the main

contact are in parallel, the total off-state capacitance increases,

leading to a decrease in the off-state isolation.

To remedy this shortcoming, we propose a shunt protec-

tion scheme in which the protection contacts are placed in

shunt between the signal and the ground. This technique

drastically improves the OFF-state isolation without significant

reduction in the effectiveness of the protection. We present

a detailed analysis to compare the performance between the

series and shunt protection schemes. As a demonstration

vehicle, we present a shunt-protected RF-MEMS switch design

that achieves comparable hot-switching lifetime but signifi-

cantly better off-state isolation when compared with a series-

protected switch. In Section II the analysis and design of the

switches are presented, and in Section III the experimental

verification of the proposed structure is reported and discussed.

II. ANALYSIS AND DESIGN

A. Device Operation Concept

Fig. 1 and Fig. 2 show the working principle of the shunt

protection technique, and comparing it with our previously

reported series protection technique. The proposed switch in

this paper goes through three states to transit from the initial

state to on state. Fig. 2(a) shows the initial state of the switch

when both the shunt protection contact and main contact are

open. By closing the shunt protection contact, the device

enters the high-isolation state shown in Fig. 2(b). In this

state, the switch remains off. Because the incoming RF power

is shunted to ground by the protection contact, the off-state

isolation significantly improves. The shunt contact lowers the

RF voltage swing on the main contact, therefore protecting it

from hot-switching damage.

In the next step, the device enters the transition state by

closing the main contact (Fig. 2(c)). Both the shunt protec-

tion contact and main contact are closed in this state. The

shunt switch then opens, and the device enters the on state
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Fig. 1. Concepts of (a)-(c) Series-protection scheme [29].
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Fig. 2. Concepts of (a)-(d) The proposed shunt-protection scheme for hot-
switching life-time enhancement.

(Fig. 2(d)). To switch from the on state to the high-isolation

state, the process is reversed, and the main contact remains

protected.

The effectiveness of the proposed protection scheme stems

from the low electric field on the main contact as a result of

the short circuit created by the shunt contact. Although the

shunt contact will experience hot-switching damage, it can be

designed specifically to withstand such damage. For example,

the shunt contact may be made from refractory metals that

exhibit much higher hardness and therefore better immunity

to hot-switching damage. Alternatively, the shunt contact may

also be realized as with a solid-state switch using a high-

voltage process for even better life-time enhancement.

Compared to the series protection scheme (Fig. 1(a)-(c)),

the shunt-protection scheme offers improved isolation without

significantly affecting the protection effectiveness. The fol-

lowing sections analyze in detail about the RF and lifetime

performances of the proposed shunt protection scheme.

B. Comparison Between Shunt Protected Switch and Unpro-
tected Switch (From off to on/ on to off)

The shunt protection contact can significantly lower the

electric field intensity on the main contact during hot-

switching. Fig. 3 shows the equivalent circuit model of an

unprotected switch and a switch with shunt protection, when

the main contacts transit from open to close (or from close to

open) Fig. 2 (Step B1, B4). Rp models the contact resistance

of the shunt protection contact. The main contact on the

unprotected switch and the protected switch can be modeled

as a variable parallel plate capacitor Cm with a varying gap d
between the top and bottom electrode. The protection contact

of the shunt-protected switch can also be modeled as variable

parallel plate capacitor Cp

Cm = ε
Am

d
,

Cp = ε
Ap

d
,

(1)

where ε is the permittivity of the air, Am and Ap are the

overlap between top and bottom electrode, and d is the gap

between the top electrode and the bottom electrode. The series

inductance and parasitic capacitance are omitted for simplicity.

The dimple area is much smaller than the overlap, so the

dimple is also omitted in the total capacitance calculation of

the contact area. ANSYS Maxwell simulation was carried out

to find the limitation of the assumption, shown in Fig. 4.

The capacitance of the parallel plates with contact dimple

are higher than the simplified model, mainly because of the

additional metal protrusion on the top plate. Without loss of

generality, we use the parallel plate capacitance approximation

for simplicity.

The S-parameters of the unprotected switch (Fig 3(a))

are [30]

S11 =
1

1 + 2jωZ0Cm
, (2)

S12 =
2jωZ0Cm

1 + 2jωZ0Cm
, (3)

where ω is the angular frequency of the RF signal, and Z0 =
50Ω is the characteristic impedance of the transmission line.

The voltage (peak voltage) across the switch contacts with

an input power of P coming into the switch is

Vsw = V −
1 + V +

1 − V −
2 = (S11 + 1− S12)V

+
1 , (4)
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Fig. 3. Equivalent circuit of (a) Switch without protection at the moment of
main contact hot-switching; (b) Switch with shunt protection at the moment
of main contact hot-switching Fig. 2 (Step B1, B4).

Fig. 4. ANYSYS Maxwell simulation of capacitances of the parallel plates
with contact dimple and the simplified parallel plates model under different
gap distances.

where V +
1 =

√
2PZ0 is the amplitude of the incident wave

(from the input port), V −
1 the amplitude of the reflected wave,

V −
2 the amplitude of the transmitted wave, assuming that

output port is matched.

The voltage Vsw,u across the unprotected switch can then

be calculated

Vsw,u =

√
4

4Z2
0ω

2C2
v + 1

·
√
2PZ0. (5)

In comparison, the S-parameters of the protected switch

(Fig 3(b)) are

S11 =
Rp − Z2

0jωCm − Z0

2Z0RpjωCm +Rp + Z2
0jωCm + Z0

, (6)

S12 =
2Z0RpjωCm

2Z0RpjωCm +Rp + Z2
0jωCm + Z0

, (7)

Fig. 5. Calculated electric field intensity of unprotected switch and switches
with different shunt protection contact resistances.

The voltage across the main contact can be found using the

same equation 4

Vsw,m =

√√√√√ 4

(1 +
Z0

Rp
)2 + (2Z0 +

Z2
0

Rp
)2ω2C2

m

·
√

2PZ0, (8)

where Rp is the contact resistance of the shunt switch.

The electric field between the dimple area and the bottom

electrode is

E0 =
Vsw

g1
, (9)

where g1 is the gap distance between the dimple area and the

bottom electrode.

Fig. 5 shows a comparison of the maximum electric field in-

tensity E0 between the unprotected switch and shunt protected

switch for several Rp values and gaps under 1W power input.

The calculation used device geometry parameters listed in

Table I. Initial Cm was assumed to be 5 fF. The RF frequency

used was 2.4GHz. As the gap between the top contact dimple

and the bottom contact electrode gets closer, the electric field

intensity will increase for both switches. However, the electric

field intensity of the main contact of the protected switch

is significantly lower than that of the main contact of the

unprotected switch.

The ratio (α) between the electric field intensity on the main

contacts of the protected switch and the unprotected switch can

be expressed as

α =
Emaxsw,m

Emaxsw,u
=

√√√√√ 4Z2
0ω

2C2
v + 1

(1 +
Z0

Rp
)2 + (2Z0 +

Z2
0

Rp
)2ω2C2

m

.

(10)

Fig. 6 plots the ratio over different protection contact

resistances. When the protection resistance is smaller than

20Ω, the electric field intensity on the protected one is one

third of that on the unprotected one. Thus, the main contact in

the protected switch will have less damages caused by strong

electric field during hot-switching. If the shunt protection

resistance is smaller, more RF power will be reflected, making

the electric field intensity on the main contact much smaller.
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Fig. 6. Ratio between the electric field intensity on the main contacts of the
protected switch and the unprotected switch.
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Fig. 7. Equivalent circuit of (a) switch with series protection at the moment
of hot-switching Fig. 1 (Step A2, A3); (b) switch with shunt protection at the
moment of hot-switching Fig. 2 (Step B1, B4).

C. Comparison Between Shunt-protected Switch and Series-
protected Switch

Both the series protection [29] and shunt protection tech-

nique can provide hot-switching damage protection by lower-

ing the electric field intensity on the main contact. Comparison

between the two techniques will be discussed in this section.

Fig. 7 shows the circuit schematic of a series-protected

switch and a shunt-protected switch at the moment when the

main contact is closing (or opening), Fig. 1 (Step A2, A3) and

Fig. 2 (Step B1, B4). The protection contacts of both switches

are closed.

The voltages across the main contacts of both circuits in

Fig 7(a) and (b) are

Vsw,mseries =

√√√√√ 8PZ0

(1 +
2Z0

Rp
)2 + 4Z2

0ω
2C2

m

, (11)

and

Vsw,mshunt =

√√√√√ 8PZ0

(1 +
Z0

Rp
)2 + (2Z0 +

Z2
0

Rp
)2ω2C2

m

, (12)

respectively.
Fig. 8 shows the comparison between the calculated electric

field intensity of the main contacts of the series-protected

and shunt-protected switches as the contact gap is closing

(opening), for different protection contact resistances. The

electric field intensity on the main contact of series-protected

switch is approximately half of that on the shunt-protected

switch. The initial Cm was assumed to be 5 fF. The RF

frequency used was 2.4GHz.
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Fig. 8. Comparison between the calculated electric field intensity of the
main contacts of the series-protected and shunt-protected switches when the
protection contact resistances are (a) 20Ω; (b) 10Ω; (c) 5Ω; (d) 2Ω. The
calculation assumes a center frequency of 2.4GHz.

The electric field intensity on the protection contact when

the protection contact is being closed (or open) can also

significantly affects the overall lifetime of the switch, Fig. 1

(Step A1, A4) and Fig. 2 (Step B0). With directly exposed

to higher electric field intensity, the protection contact could

be worn out sooner. The contact resistance could increase

faster over hot-switching cycles. High contact resistance of

the protection contact will give less protection for the main

contact, leading to a short overall lifetime of the switch. Fig. 9

shows the equivalent circuit of a series-protected switch and

a shunt-protected switch before their protection contacts are

closed.
For the series-protected switch in Fig. 9(a), the S-parameters

are

S11 =
1

2Z0jω(Cm + Cp) + 1
, (13)

S12 =
2Z0jω(Cm + Cp)

2Z0jω(Cm + Cp) + 1
. (14)
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Fig. 9. Equivalent circuit of (a) Switch with series protection before the
protection contact is closed (open) Fig. 1 (Step A1, A4); (b) Switch with
shunt protection before the protection contact is closed (open) Fig. 2 (Step
B0).

The voltage across the series protection contact is

Vsw,pseries = V −
1 + V +

1 − V −
2 = (S11 + 1− S12)V

+
1 (15)

=

√
4

4Z2
0ω

2(Cp + Cm)2 + 1
·
√

2PZ0, (16)

For the shunt-protected switch in Fig. 9(b), the S-parameters

are

S11 =
1 + ω2CmCpZ

2
o − Z0jωCp

2Z0jωCm + 1− Z2
0ω

2CmCp + Z0jωCp

, (17)

S12 =
2Z0jωCm

2Z0jωCm + 1− Z2
0ω

2CmCp + Z0jωCp

. (18)

The voltage across the shunt protection contact is

Vsw,pshunt = V −
1 + V +

1 = (S11 + 1)V +
1 =

√
2PZ0

·
√

(2 + 4Z2
0ω

2C2
m)2 + 4ω2Z2

0 (Z
2
0ω

2C2
mCp + Cm + Cp)2

(1− Z2
0ω

2CmCp)
2 + (2Z0ωCm + Z0ωCp)

2 .

(19)

The overlap between the top contact dimple and the bottom

electrode is small. Thus, the capacitance is in the range of

femto farad. If the device is operating in gigahertz range, it

can be assumed that

Z0ωCp � 1, (20)

Z0ωCm � 1, (21)

Zoω(Cp + Cm) � 1. (22)

In this case, (16) and (19) can be simplified to

Vsw,pseries = Vsw,pshunt = 2
√

2PZ0. (23)

Essentially, the protection contacts on both series-protected

and shunt-protected will have the same electric field intensity

damage during protection steps. The protection contacts on

the series-protected switch will undergo this amount of high

electric field intensity twice from off state to transition state

and from transition state to off state Fig. 1 (Step A1, A4).

The shunt protected contacts, however, can remain in close to

leave the switch in high-isolation state (The switch does not

necessarily go back to initial state.). Thus, the shunt-protected

switch will only have one time switching from initial state to

high-isolation state Fig. 2 (Step B0). The switching from initial

state to high-isolation state can also happen in cold-switching

condition to avoid any damage. However, the RF current will

pass through shunt-protection contact at high-isolation state

when the shunt-protection contact is prolongedly actuated,

which makes the switch susceptible to adhesion problem at

high-isolation state.

From transition state to on state (From on state to transition

state) Fig. 2 (Step B2, B3), the protection contact will be open

(close) and undergo addition hot-switching damage. Fig. 10

shows the equivalent circuit model of the shunt-protected

switch when the protection contact is about to open (close),

while the main contact is closed.

Z0Z0

Contact 1 (Shunt Protection Contact)

Cp

Contact 2  (Main Contact)

Vsw

Rs

Fig. 10. Equivalent circuit model of the shunt-protected switch when the
protection contact is about to open (close) while the main contact is closed
Fig. 2 (Step B2, B3).

The S11 of the equivalent circuit is

S11 =
Rs − Z0jωCp −RsZ0jωCp

2Z0 +Rs + (Z2
0 + Z0Rs)jωCp

. (24)

Then, the voltage across the shunt protection contact is

Vsw,ushunt = V −
1 + V +

1 = (S11 + 1)V +
1

=

√
(2Z0 + 2Rs)

2

(2Z0 +Rs)
2 + (Z2

0 + Z0Rs)
2ω2C2

p

·
√
2PZ0.

(25)

Since Rs�Z0 and Z2
0ω

2C2
p�1, the equation can be sim-

plified as

Vsw,ushunt =
√

2PZ0. (26)

Comparing (23) and (26), the electric field intensity during

the hot-switching at Fig. 2 (Step B2) is half of the electric field

intensity seen by the protection contact on series-protected

switch during hot-switching. From on state back to transition

state Fig. 2 (Step B3), the shunt protection contact will

undergo the same hot-switching damage with the same electric

field intensity. Overall, the electric field intensity during hot-

switching on the protection contact of shunt-protected switch

is half of the one on series-protected switch.
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Fig. 11 plots the calculated S-parameter of a shunt-protected

switch, a series-protected switch and an unprotected switch.

The protection contact resistances is assumed to be 5Ω for

both shunt and series case in the calculation. 1-Ω contact

resistance is assumed for all main contacts. In the off state, it

is assumed that the shunt protection contact is closed. In the on

state, it is assumed that the series protection contact is closed.

The calculation is based on simple estimation of equivalent

circuit parameters from the switch design geometries listed in

Table I. In particular, a simple parallel plate model is used

to estimate the capacitance between the two electrodes. In

practice, the actual capacitance would be larger due to parasitic

capacitances. The parasitics would lead to a much higher

calculated isolation. To simplified the analysis, the parasitic

capacitances is neglected. All other parasitic capacitance and

inductance are also ignored. From the calculation, it can be

seen that in the off state the shunt-protected switch has better

isolation, and the series-protected switch has worse isolation

than the unprotected one because of the additional RF coupling

of the capacitor formed in series protection contact. In the on

state the shunt-protected switch has slightly higher insertion

loss than the unprotected one since there is additional parasitic

capacitance in shunt. The series-protected switch has better

insertion because of the additional series protection contact.
In summary, the hot-switching electric field intensity on

the main contact of shunt-protected switch is twice of that

of the series-protected switch. The hot-switching electric field

intensity on the protection contact of shunt-protected switch

is half of that of the series-protected switch. Based on these

two observations, we expect approximately similar lifetime

enhancement from the series- and shunt-protection scheme,

assuming that the lifetime of the contacts is directly related to

electric field intensity. The advantage of the shunt-protected

switch lies in its much better off-state isolation due to the

series-shunt configuration.

D. Switch Design and EM Analysis
Fig. 12 and Table I show the design parameters of the

switch. The device consists of three cantilever beams. The

shunt protection switch beam length is slightly shorter than

the main switch beam length to achieve faster switching

speed. The main contact is made of gold to lower the contact

resistance, and the shunt protection contact is made of refrac-

tory metal to withstand hot-switching damage. A compromise

exists between the hardness of the contact and its contact

resistance. In general, low-contact resistance materials, such

as Au, Cu, and Ag, are all relatively soft and has a lower

melting point than refractory metals. On the other hand, harder

contact materials usually result in a higher contact resistance,

leading to a degradation in the on-state insertion loss of the

switch [17]. Mechanical stop dimple is designed to prevent

the cantilever accidentally touching the biasing pad which can

cause catastrophic failure of the switch. Dielectric film is not

used within the biasing electrostatic field line to avoid any

dielectric charging. An air bridge is formed to let the high-

resistance biasing line pass through the ground plane.
The proposed switch design is simulated in ANSYS HFSS.

Fig 13 shows the current distribution of the switch before and

39dB

               (a) 

              (b) 

0.08dB

Fig. 11. Calculated S-parameter for (a) A shunt-protected switch, a series-
protected switch and an unprotected switch at off-state; (b) A shunt-protected
switch, a series-protected switch and an unprotected switch at on-state.

after the main switch is closed. The RF current is blocked

by the shunt protection contact, and the main contact will

meet less RF power and have less hot-switching damage.

Fig. 14 shows the simulated S-parameters of the proposed

design. According to the simulation results, the switch has

better than 40 dB isolation in high-isolation state up to 40GHz
and better than 0.9 dB insertion loss in on state up to 40GHz.

The simulated S-parameter is very close to measurement

results. The total area of the shunt-protected switch is larger

than series-protected switch [29], but the overall size is still

relatively small and approximately 400μm × 300μm . Signal

integrity issues may not be a major factor for this design.

III. EXPERIMENTAL VALIDATION

A. Device Fabrication

The all-metal process [29] was used to fabricate the switch.

The switches were fabricated on high-resistivity silicon wafer.

The switch layer was isolated from silicon wafer by a 0.5-

μm thermally grown oxide. 150-nm high-resistivity silicon

chromium layer was patterned as DC biasing line. 150-nm gold

layer was then deposited as low-resistance bottom contact.

50-nm platinum layer was deposited as protection bottom

contact. The copper sacrificial layer was changed to chromium

sacrificial layer. The chromium layer can withstand gold

etchant in the following steps to ensure a cleaner process and

higher fabrication yield. The use of the chromium layer also

shrinks the total types of metal used in the all-metal process
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Fig. 12. (a) Top view of the shunt-protected switch; (b) Side view of the
cantilever.

to four: gold, platinum, titanium and chromium. Gold beam

structure and coplanar waveguide line were plated on the top of

the sacrificial layers. The devices were released in chromium

etchant and dried in critical point dryer. The fabricated devices

are shown in Fig. 15. Both protected switch in Fig. 15(a) and

unprotected switch in Fig. 15(b) are fabricated in parallel for

comparison in tests later.

B. S-Parameters

The S-Parameters of the switch were measured by

a Keysight 8722D network analyzer with Ground-Signal-

Ground (GSG) microwave probes. The probes were calibrated

to the reference line in Fig. 15(a) using Through-Reflection-

Line (TRL) technique. The calibration kit was fabricated along

side with the MEMS devices on the same wafer using the same

process. The measured S-parameters, shown in Fig. 16, are

close to the simulation results, and the switches were biased at

60V. For the shunt-protected switch the isolation is 43.5 dB
in the initial state, 72.3 dB in the high isolation state, and

25.8 dB in the transition state at 1.0GHz. The isolation is

14.4 dB in the initial state, 36.0 dB in the high isolation state,

and 22.1 dB in the transition state at 40GHz. The isolation of

the switch improves by 39.1 dB at 2.4GHz. The insertion loss

is 0.3 dB at 1GHz and 0.48 dB at 40GHz. For the unprotected

switch, shown in Fig. 17, the isolation is 41.6 dB at 1GHz and

14.1 dB at 40GHz, and the insertion loss is 0.22 dB at 1GHz

TABLE I
DESIGN PARAMETERS OF THE SWITCH

Geometry parameter Symbol Value (μm)

CPW line width ws 100

CPW line gap wg 60

Beam width wb 100

Dimple width wd 2.5

Electrode width wd 110

Shunt contact width wc 8.5

Air bridge width wa 25

Main switch beam length lmc 150

Shunt protection switch beam length lsc 130

Main switch electrode length lme 145

Shunt protection switch electrode length lse 125

Air bridge length la 60

Stopper and main contact separation ls 45

Shunt contact width lc 16

Beam thickness tb 5

Dimple thickness td 0.5

Biasing electrode thickness te 0.15

Thermal oxide thickness to 0.5

Substrate thickness ts 500

Cantilever to electrode gap g0 0.9

Dimple to contact gap g1 0.4

Electric parameter Symbol Initial Value (fF)

Main Contact parallel plate capacitor Cm 5

Protection Contact parallel plate capacitor Cp 5

and 0.25 dB at 40GHz. The protected switch has significantly

higher isolation (>30 dB) than the unprotected switch and

similar insertion loss over 0–40GHz range.

C. Linearity Test

The linearities of a protected switch and a through line were

measured. Two-tone measurement setup is shown in Fig. 18(a).

Two tones were offset by 25MHz at center frequency of

2.4GHz. The resolution bandwidth is 20 kHz. The input power

is from 12 dBm to 16 dBm. The signal was attenuated by

20 dB before being sent into spectrum analyzer. The measured

third order inter-modulation intercept point (IIP3) of the pro-

tected switch is 56.08 dBm, and that of the through line is

58.36 dBm.

D. Switching Time

Switching time is measured before lifetime measurement

in order to determine the appropriate cycling frequencies. The

switching time test, mechanical lifetime test and hot-switching

lifetime test in later sections were all carried out in an open air,

lab environment. The switching time measurement is carried

out on a single cantilever switch without considering the

sequential actuation of the protection and the main switches.

Test setup is shown in Fig 19. A 2.4-GHz signal was sent

from an RF signal generator to the device through a bias

tee. The device was actuated by a square-wave biasing signal
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7.25 E 0
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3.81 E 2

5.25 E 1

7.25 E 0

1.00 E 0

Fig. 13. (a) Current distribution of the switch after protection contact closed
and before the main contact closed; (b) Current distribution of the switch after
both contact closed.

that was generated by a function generator and amplified by

a linear amplifier. Peak-to-peak voltage is 50V and frequency

is 100 Hz. The output RF signal from the MEMS switch was

detected and converted to dc voltage by a zero-biased RF

detector. The DC voltage and the biasing signal were sent to

oscilloscope to determine the switching time. The switching-

on time is 30.4 μs, and the switching-off time is 39.8 μs, as

shown in Fig. 20. The shunt protection cantilever is slightly

shorter than the main cantilever, so the switching time for the

shunt protection cantilever should be shorter.

E. Mechanical Cycle Test

Mechanical lifetime test was carried out first before elec-

trical lifetime test in order to verify the mechanical life time

of the fabricated switches. Two switches were test without RF

power passing through. The contact resistance was measured

by 4-point resistance measurement setup during the switching

cycles. The switches were biased using square wave with peak-

to-peak voltage of 50V and 50% duty cycle. The frequency

was set to 1 kHz before 10,000 cycles and 5 kHz till the

test stopped. The two switches were cycled up to 1.5 billion

times before the test stopped. The resistance changes during

the cycling test is shown in Fig. 21. The resistances of both

switches gradually increase over time due to mechanical wear

and damage, but are below 10Ω after 1.5 billion cycles.

F. Hot-switching Lifetime Test

Hot-switching test setup is shown in Fig. 22. An amplified

RF signal of 1W at 2.4GHz is sent to the device under test.

(a)

(b)

Fig. 14. Simulated (a) Isolation of the switch in initial state, high-isolation
state, and transition state; (b) Insertion loss of the switch in the on state.

(a) (b)

Switch without protection
Reference Planes

AuPt

Fig. 15. Pictures of the (a) Protected switch and (b) Unprotected switch.

A power meter was connected through a 20-dB directional

coupler to monitor the power level of the incoming RF

signal. A 4–point resistance measurement setup is connected

through bias tees to monitor the contact resistance changes

over lifetime. The output RF signal is connected through a

directional coupler to RF detector. The dc voltage is sent into

an oscilloscope to monitor the switching behavior.

In the first case, an unprotected switch was tested. The

amplified square wave with duty cycle of 50% and peak-

to-peak voltage of 50V. The frequency of the wave was set

to 1 kHz before 10,000 cycles, and 5 kHz till the end of the

test. Three unprotected devices were measured. Fig. 23 shows

the resistance changes over the cycling period. The devices

can be cycled up to 10 million cycles before failure. All

switches failed as open circuit. The contact resistances became

significantly large (>200Ω).

Next, the lifetime of the protected switches was mea-

sured under 1-W hot-switching condition. The shunt-protected

switches are biased using the waveform (Fig. 24). The wave-
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(b)

(a)

39.1dB

l

Fig. 16. Measured S-parameter of shunt-protected switch: (a) Isolation of
initial state, high-isolation state, and transition state; (b) Insertion loss of on
state.

(a)

(b)

l

Fig. 17. Measured S-parameter of unprotected switch: (a) Isolation of off
state; (b) Insertion loss of on state.

form consists of two identical sets of square waves which have

a duty cycle of 66.7% and peak-to-peak voltage of 50V. The

phase of square wave that is used to bias the shunt protection

contact has 180◦ lead on that used to bias the main contact

to ensure that the shunt protect contact is closed when the

main contact turns on and off, and that the shunt protect

contact switches to open when the main contact is closed.

The frequency of the biasing waveform was set to 333Hz
before 10,000 cycles, and 3,333 Hz till the end of the test.

(b)

(c)

58.36 dBm

56.08 dBm

DUTSignal Generator 1
RF Probe

Signal Generator 2

Power Combiner

60V actuation voltage 

(a)

20dB attenuation

Fig. 18. (a) Linearity test setup; (b) IP3 of the shunt-protected MEMS switch;
(c) IP3 of the through line.

Power Meter

DUT
Signal Generator

Function Generator Oscilloscope

Circulator
-20 dB
Coupler

    RF
Detector

  Linear
Amplifier

Bias
Tee

RF Probe

Fig. 19. Setup schematics for switching time measurement.

Three devices were tested, and the main contact resistance

changes of the three measured devices are shown in Fig. 25.

The lifetime of the switches increased to >100 million cycles.

One of the switch lasted to 200 million cycles. The lifetime of

the protected switch increases by at least 10 times than that of

the unprotected switch. The changes of the protection contact

resistance (Rp) were not measured. From the calculation in

Section II (Fig 5), the electric field is at minimum when

the Rp is the smallest because Rp effectively shorts the RF

signal to ground. In this regard, the shunt protection contact

is preferably made from low-resistance metals such as gold.

However, in the proposed protection scheme, the main role of

the shunt protection scheme is to withstand high RF voltage

swing and a compromise must be made in the material choice.
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Fig. 20. (a) Switching-on time; (b) Switching-off time.

Test
stopped

B B

r

Fig. 21. Mechanical cycling test for two RF-MEMS switch devices (Test
stopped after the last data points were collected).

Refractory metal is used in our work because it can provide

better immunity to hot-switching damage due to their higher

hardness, although at the penalty of higher contact resistance.

In effect, a compromise must be made between the life-time

of the main contact and the protection contact. The exact

optimal point in terms of material choice and switch design

will need further investigation. To lower the contact resistance

of refractory metal contact, high contact force actuator can be

used [25]. Another way to lower the contact resistance is to

put several shunt-protection contacts in parallel. This will also

lower the overall contact resistance, but insertion loss will also

increase due to more on-state parasitics capacitance.

The lifetime of the protected switches under 1-W hot-

switching condition was also measured when the shunt protec-

tion contact was always closed. This test is done to understand

the lifetime of the main contact excluding the impact from the

protection contact. In the test the shunt protection contact was

continuously biased at 60V, and the square wave has a peak-

to-peak voltage of 50V and duty cycle of 50%. The frequency

was set to 1 kHz before 10,000 cycles, and 5 kHz till the end

Power Meter

DUT

V
Signal Generator

Power Amplifier

Function Generator

Oscilloscope

Current Source Meter

Circulator

-20 dB
Coupler     RF

Detector

  Linear
Amplifier

Bias
Tee

RF Probe

DC Probe

(180° Phase Shift)

  Linear
Amplifier

60 V acutaction voltage

Fig. 22. Test setup for hot-switching reliability characterization.

BB

Device failedr

Fig. 23. Contact resistances changes over cycling period of three unprotected
switches under 1-W hot-switching condition (All devices failed as open circuit
at the next data points collection).

of the test. Fig. 26 shows the lifetime characterization of the

device when the shunt protection contact is continuously held

down. The lifetime can achieve >100 million cycles for all

the three devices tested. Two of them reached >500 million

cycles.

IV. CONCLUSION

A shunt protection technique to improve hot-switching

reliability and isolation of RF-MEMS metal contact switch is

presented in this paper. The comparisons between unprotected

switch, shunt-protected switch and series-protected switch are

theoretically analyzed. The experimental measurement shows

both hot-switching reliability and isolation improvement by

utilizing shunt protection technique, making the technique a

robust method to improve RF-MEMS metal contact switch

performance.
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Fig. 24. Actuation waveform for the shunt protected switches.
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Fig. 25. Contact resistances changes over cycling period of three switches
with shunt-protection using the actuation wave form shown in Fig. 24 under
1-W hot-switching condition (All devices failed as open circuit at the next
data points collection).
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