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Abstract  —  Bipolar control-voltage waveforms have been 

proposed to mitigate dielectric charging in RF MEMS capacitive 
switches. In this work, for the first time, dielectric charging 
under bipolar waveforms is modeled and characterized 
quantitatively. In general, the experimental results agree with 
predictions based on the superposition of charging models that 
are extracted under either positive or negative voltage only. The 
present analysis indicates that, while bipolar waveforms can 
reduce charging, it is difficult to fine tune the waveforms to 
completely eliminate charging. 
 

Index Terms  —  Charge injection, dielectric films, dielectric 
materials, microelectromechanical devices, switches. 

I. INTRODUCTION 

Currently, the life time of RF MEMS capacitive switches is 
mainly limited by dielectric charging [1]-[22]. To mitigate the 
charging problem, complex control-voltage waveforms, such 
as high-low and bipolar waveforms, have been proposed [1], 
[2]. In practice, charging under high-low waveforms was 
modeled and characterized [18] with beneficial results. 
Charging under bipolar waveforms is modeled and 
characterized, for the first time, in this work. The present 
model is based on the superposition of unipolar charging 
models [18] that are extracted under either positive or negative 
voltage only. In spite of the simplification through 
superposition, the model predictions are in general agreement 
with bipolar charging experiments under different switching 
frequencies, voltages, and duty factors. 

The present RF MEMS capacitive switches are similar to 
that of [18]. The dielectric is sputtered SiO2 with a thickness 
of 0.3 µm and a dielectric constant of 5.5. The top electrode is 
a moveable 0.3-µm-thick Al membrane that is grounded. The 
bottom Cr/Au electrode serves as the center conductor of a 50-
Ω coplanar waveguide for the RF signal. Without any 
electrostatic force, the Al membrane is normally suspended in 

air 2.2 µm above the dielectric. A control voltage, either 
positive or negative, is applied to the bottom electrode, which 
pulls the membrane in contact with the SiO2 thus forming a 
120 µm x 80 µm capacitor to shunt the RF signal to ground. 
This results in low insertion loss (0.06 dB) at the off 
(membrane up) state and high isolation (15 dB) at the on 
(membrane down) state at 35 GHz. The pull-down or 
actuation voltage is typically ±25 V, while the release voltage 
is typically ±10 V. The switching time is less than 10 µs. 

II. MODEL CONSTRUCTION  

Control voltages up to ±40 V were used to accelerate 
charging. The voltages are high enough to cause charge 
injection from the bottom electrode into the dielectric, yet low 
enough to avoid charge injection from the top electrode into 
the dielectric. (The top-charging threshold is approximately 
±50 V [22].) Thus, under a positive control voltage, positive 
charge is injected from the bottom electrode into the dielectric, 
which gradually decreases the actuation voltage from 25 to, 
say, 24 V. On the other hand, under a negative control voltage, 
negative charge is injected from the bottom electrode into the 
dielectric, which gradually increases the actuation voltage 
from • 25 to, say, • 24 V. Therefore, depending on the sign of 
the control voltage, bottom charging can be either positive or 
negative but always changes the actuation voltage V according 
to the following [18]: 

/V hQ ε∆ = − ,                             (1) 

where the electrostatic effect of the charge is approximated by 
a sheet charge of density Q located at height h above the 
bottom electrode, and  is the dielectric constant. A single h 
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TABLE I 
EXTRACTED MODEL PARAMETERS 

Positive Voltage 
J Q00+ (q/cm2) V0+ (V) τC+ (s) τD+ (s) 
1 5x109 12 10 15 
2 9x109 10 65 130 

Negative Voltage 
J Q00− (q/cm2) V0− (V) τC− (s) τD− (s) 
1 −2.5x109 10 8 13 
2 −7.5x109 10 60 114 
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value of 0.12 µm was found to give the best fit between model 
predictions and experimental data under all control waveforms. 

Following [18], unipolar charging behaviors under positive 
and negative voltages were separately characterized. Based on 
the measured transient charging and discharging currents, the 
accumulated charge can be fitted with the sum of two 
exponential terms: 
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where subscripts “+” and “• ” denote charging under positive 
and negative voltages, respectively; Q0J is the steady-state 
charge density; tON and tOFF are on and off times of the switch; 

τC and τD are charging and discharging time constants. Usually, 
Q+ > 0 and Q•  < 0. 

The steady-state charge density was found to increase 
exponentially with voltage, so that 
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where Q00 is a pre-exponential factor and V0 is a voltage 
scaling factor. Table I lists the fitted values of Q00, V0, τC and 
τD. Notice that, except for the sign of Q00, the values are very 
similar under positive and negative voltages. This implies that 
a symmetrical bipolar waveform should have minimum 
charging. 

Table II lists the various control-voltage waveforms that are 
illustrated in Fig. 1(b). For example, at a switching frequency 
of 10 KHz, each switching cycle ∆t = tON+ + tOFF+ + tON− + 
tOFF− = 100 µs. After several cycles, a small amount of charge 
Q(t) may accumulate due to the subtle difference between 
positive and negative charging behaviors. Assuming Q(t) > 0, 
(2) can be used to evaluate charging during the next switching 
cycle: 
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where the summation over the subscript J = 1 and 2 is omitted  
for clarity. Subsequently, 
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where we assume discharging of the positive charge under a 
negative voltage is the same as that without any voltage, and 
negative charging is unaffected by the accumulated positive 
charge. Finally, 
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Fig. 1. (a) (line) Modeled vs. (symbol) measured actuation-voltage 
shifts under control-voltage waveforms No. 1 to No. 5 (Table II) at 
(■) 10 Hz and (◊) 10 kHz and illustrated in (b). 
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TABLE II 

CONTROL-VOLTAGE WAVEFORMS 

No. V+ 
(V) 

V− 
(V) 

tON+ 
(µs) 

tOFF+ 
(µs) 

tON− 
(µs) 

tON− 
(µs) 

1 30 -- 50 50 -- -- 
2 40 10 20 30 
3 25 25 25 25 
4 

30 −30 
10 30 40 20 

5 -- −30 -- -- 50 50 
6 35 −35 
7 40 −40 
8 35 −30 
9 30 −35 

10 30 40 20 
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Fig. 2. (line) Modeled vs. (symbol) measured actuation-voltage 
shifts under control-voltage waveforms (a) 4, 6 and 7 and (b) 4, 8 
and 9 as listed in Table II. The switching frequency is 10 kHz. 
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Starting with Q(0) = 0, (4)-(7) can then be iterated n times to 
determine Q(n∆t). 

If Q(t) < 0, then it is more convenient to start with negative 
charging during the second half of the bipolar switching cycle 
so that (4)-(7) can be duplicated except for sign change. Thus, 
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Once Q is found through iterations of (4)-(7) or (8)-(11), (1) 
can be used to determine the actuation-voltage shift. 

III. RESULTS AND DISCUSSION 

Using previously developed [18] test setup and procedure, 
actuation-voltage shifts under different waveforms were 
measured and compared with model predictions as shown in 
Figs. 1 and 2. Agreement was found for different switching 
frequencies, voltages, and duty factors. The principle of 
superposition applies to the present Cr-SiO2-Al capacitors 
probably because they have similar charging behaviors under 
both positive and negative voltages, and there appears to be no 
strong interaction between positive charging and negative 
charging. Similar to unipolar charging [18], bipolar charging, 
although of smaller magnitude, increases with stress time and 
voltage, but is independent of switching frequency as long as 
the switching cycle is much shorter than charging/ discharging 
time constants. 

As mentioned before, due to the subtle difference between 
positive and negative charging, a small amount of charge 
gradually accumulates even under a symmetrical bipolar 
waveform (No. 3). Thus, it is tempting to fine tune the 
waveform in order to exactly balance out positive and 
negative charging within each switching cycle. This implies 
that 
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Usually, the switching cycle is much shorter than 
charging/discharging time constants. Therefore, 

0 0/ /ON C ON CQ t Q tτ τ+ + + − − −≅                      (13)  

or 

0 0/ /ON ON C Ct t Q Qτ τ+ − − + + −≅ .                   (14) 

Thus, to exactly cancel charging within each bipolar switching 
cycle, the on times of positive and negative voltages need to 
be fine tuned according to (14). If the application requires tON+ 
and tON•  to be equal, then 

0 0/ /C CQ Q τ τ+ − + −≅ .                          (15) 

From (3), 

00 0 00 0exp( / ) / exp( / ) /C CQ V V Q V V τ τ+ + + − − − + −≅ .  (16)                 
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Since Q00+ ~ Q00•  and τC+ ~ τC• , 

0 0/ /V V V V+ − + −≅ .                             (17) 

However, (17) is difficult to satisfy precisely due to the 
exponential voltage dependence of (16), especially if second- 
order terms are included in the summation over J. 

VI. CONCLUSION 

In conclusion, bipolar control-voltage waveforms were 
found to reduce dielectric charging in RF MEMS capacitive 
switches. A bipolar charging model was developed from the 
superposition of unipolar charging models. The model agrees 
well with the experimental results obtained under bipolar 
waveforms of different frequencies, voltages, and duty factors. 
The model also shows that it is difficult to fine tune the 
waveform to completely eliminate charging. 
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