
gain is about 0.5 dB and gain variation is less than 0.3 dB. It can
fulfill the requirements for most of the indoor wireless applications
and the relative low gain at the 2.4-GHz band is mainly caused by
the cancellation of the meandering to achieve small size.

4. CONCLUSIONS

A compact dual-band 2.4/5-GHz T-slot antenna has been pro-
posed and studied experimentally. This proposed antenna has a
compact size (20 mm by 50 mm) and is composed of two
orthogonal slots. With the use of the two orthogonal slots, the
impedance bandwidth of the proposed antenna effectively cov-
ers both WLAN bands (2.4 –2.5 GHz, 5.15–5.825 GHz), and the
gain of the antenna can fulfill the requirements of most indoor
wireless applications.
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ABSTRACT: In this work, a nonlinear model to predict actuation
characteristics in lateral electrostatically-actuated DC-contact MEMS
switches is proposed. In this case a parallel-plate approximation cannot
be applied. The model is based on the equilibrium equation for an elas-
tic beam. It is demonstrated that the contribution of fringing fields is
essential. The model relies on finite-difference discretization of the
structures, applying boundary conditions and is solved with a Gauss-
Seidel relaxation iteration scheme. Its usefulness is demonstrated in a series
MEMS switch with lateral interdigital electrostatic actuation. © 2007 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 49: 1238–1241, 2007;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.22450

Key words: MEMS; interdigital; electrostatic actuation; in-plane switch

1. INTRODUCTION

The miniaturization of wireless communication systems is actually
limited by off-chip passive elements. Among them, RF switches

Figure 5 (a) Radiation pattern of the antenna at 5.8 GHz when � � 0°;
(b) radiation pattern of the antenna at 5.8 GHz when � � 90°

Figure 6 Peak gain of the proposed antenna

1238 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 49, No. 6, June 2007 DOI 10.1002/mop



are candidates to be replaced with their MEMS counterparts.
Capacitive series and shunt MEMS switches (based on a metal–
dielectric–metal contact) have been implemented in a number of
applications, mainly at frequencies above 10–15 GHz [1]. Resis-
tive-contact (or DC-contact) switches, based on a metal–metal
contact, operate from DC to 30–40 GHz, covering perfectly the
ground wireless communication bands, all of them under 6 GHz.
Most resistive-contact switches, mainly when electrostatically ac-
tuated, have been implemented using out-of-plane movement,
which is perpendicular to the substrate [2].

The need for high aspect ratio structures (thick elements with
small gaps), capable of producing forces great enough to ensure a
good switch contact with moderate actuation voltage has been the
main drawback when implementing in-plane switches (lateral
movement, parallel to substrate). In consequence, most of the few
lateral RF switches proposed in the literature so far are electro-
thermally-actuated [3], a topology with inherent power consump-
tion and packaging limitations. With the recent spectacular evolu-
tion of metal micromachining technology, manufacturing high
aspect ratio structures is possible, which leave the way open for
lateral electrostatically-actuated RF switches, as demonstrated in
[4, 5].

However, an important problem arises with those devices,
namely, a lack of available models for actuation fast prediction,
since a parallel-plate approximation does not apply in this case, on
the contrary to out-of-plane switches, where parallel-plate approx-
imation has been used in most works as a first order model. Finite
Element Analysis of these structures is adequate but time-consum-
ing and, moreover, it requires accurate input data for a precise
actuation simulation In consequence, it is essential to develop
simpler models for a first, yet accurate, actuator design.

This letter presents a new model to reliably predict actuation
characteristics in lateral electrostatically-actuated DC-contact
MEMS series switches for operation in the ground wireless bands.
The model is validated by using a series switch [5] manufactured
with the multi project wafer process MetalMumpsTM [6]. It is
fabricated on a low-resistivity substrate (1–2 � cm), and a 25 �m
deep trench is carved under the device to reduce substrate loss,
resulting in a suspended switch.

2. SERIES SWITCH TOPOLOGY

Fig. 1. shows a top view of the designed switch that has been used
to validate the model, where its main dimensions and building
parameters are pointed out. The switch is made of nickel, based on

a CPW series configuration and a resistive gold-gold contact.
When no actuation voltage is applied, the switch is in its OFF state,
while when a DC voltage is applied superposed to the RF signal,
the interdigital actuator forces the moving tip to approach the fixed
part. The initial gaps for contact and interdigital actuator are gc �
5.2 �m and gb � 5.7 �m, respectively. The minimum dimensions
are fixed by the technology design rules, that being the main limit,
along with the thickness of the suspended structure (only 20 �m),
to decrease the actuation voltage. For this reason, an interdigital
actuator topology along with a leverage bending technique are
used in order to obtain a suitable switch actuation voltage. As a
consequence, most of the structure is deflected less than the pull-in
limit, when on contact.

3. ACTUATION MODEL

The parallel-plate approximation for this kind of switches (either
interdigital or not) only applies for the initial position, being no
longer useful when the mobile structure is actuated.

Then a nonlinear model for the structure has been developed,
for fast and accurate prediction of the displacement, which is based
on the equilibrium equation for an elastic beam [7]:

�2

� x2 �E � I
�2y

� x2� � Felec (1)

where (see Fig. 1) y(x) is the beam lateral displacement, x is the
distance along the beam length, E is the elastic modulus of nickel
(beam material), I � t�w3/12 is the moment of inertia of a straight
beam with a rectangular cross section, w is the beam width, t is the
beam height (thickness), and Felec is the electrostatic force per unit
length. This force is the sum of distributed electrostatic forces
along the beam electrode (L1 � x � L3) and the force of N lateral
beams (Fb) with length Lb and electrode gap gb applied at point
x � L2.

Felec�x� � � fn�b�x��
�0tV

2

2�g � y�x��2 �u�x � L1� � u�x � L3��

� N � Fb��x � L2� (2)

Fb �
� �0tV

2

2 �
xb1

xb2 fn�bb�x���dx�

�gb � y�x���2 (3)

where g is the electrode gap of the central beam, b(x) � (g	y(x))/t
is the gap/central beam height aspect ratio, bb(x) � (gb	y(x))/t is
the gap/lateral beam height aspect ratio, u(x) is the stepwise
function, �(x) is the delta function, �0 is the permittivity of free
space, and V is the applied voltage. The model can be used in
switches with only one lateral beam (N � 1) when thick structures
are available or in an interdigital topology when the material
thickness is limited (as in this work; N � 4). The capacitance is
corrected for fringing fields (C�� � C�fn, being C the parallel plate
capacitance and C�� the fringing-field corrected capacitance)
using the function fn(b) defined in [8], and:

fn�b� � � 1 � 4.246b, 0 	 b 	 0.005
1 � �11.087b2 � 0.001097, 0.005 
 b 	 0.05

1 � 1.986b0.8258, b � 0.05
(4)

Integral [3] can be solved numerically. If fringing fields are ne-
glected (fn � 1), we find

Figure 1 Switch top view. Its main building parts are pointed out.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Fb �
�0tV

2

2�gb � z�L2� �
Lb

2
tan �� �

�0tV
2

2�gb � z�L2� �
Lb

2
tan �� (5)

where t(x) represents the shape (height) of the actuation electrode
(here assumed constant), � is the bending angle at point x � L2

(obtained from derivate of the displacement, tan(�) � dy/dx at x �
L2). The differential Eq (1) must be solved with boundary condi-
tions: y(x � 0) � y�(x � 0) � y
(x � L) � 0. Using finite
differences discretisation schema, we can obtain the following
nonlinear equation system:

�M�� yi� � �Felec�yi�� (6)

�M� �
EI

�x4�
7 � 4 1 0 . . .

� 4 6 � 4 1 . . .

1 � 4 6 � 4 1 . . .
. . . 1 � 4 5 � 2

1 � 2 1
� (7)

where i is the mesh index, and �x is the spacing between mesh
points. One approach to solve the nonlinear system is to use a
simple nonlinear Gauss–Seidel relaxation iteration scheme [9].
Assuming zero displacement as initial value for vector [yi], an
initial force vector is calculated. Inverting [M], a new estimation of
vector displacement is calculated. Then, the force in iteration k is
updated from the last iteration using the following relaxation
formula:

�Felec�
k � �Felec�

k	1 � ��Felec�yi
k�� � �Felec�

k	1� (8)

being  the relaxation factor (typically between 0.85 and 0.9). The
procedure is repeated up to the desired residual error in the
displacement is obtained. A more robust approach than non linear
relaxation is to use a full-Newton method [9]:

� yi�
k � � yi�

k	1 � � �M� � �dFelec

dx 	k	1�	1

��M� �yi�
k	1 � �Felec�

k	1�

(9)

At low voltages, the beam deflection is small, the coupling be-
tween the electrical and mechanical systems is weak, and the
relaxation algorithm works very well. For higher voltages, the
Newton algorithms converge much faster than the relaxation al-
gorithm. Fig. 2 shows the maximum lateral displacement as a
function of the applied voltage for several number of lateral beams
including fringing corrections and without the corrections. The
contact voltage (when displacement is equal to the gap contact, gc)
decreases with the number of lateral beams. Also, this figure shows
the important effect of fringing capacitance. In fact, the increase of
electrostatic force due fringing fields decreases the pull-in voltage.
The model predicts a contact voltage of 42 V for N � 4 lateral
beams including fringing effects and 52 V using parallel-plate
capacitance (for the switch of Fig. 1). This value is in agreement
with the experimental contact voltage, 45 V, that is within a 5%
error. This difference may in part be justified by the overestimation
of the electrostatic force caused by screening because of the

Figure 2 Displacement vs. voltage for N � 1, 2, 3, 4 interdigital beams.
Simulated (F) and measured (4) points correspond to the manufactured
actuator (Figs. 1 and 5). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

Figure 3 Displacement vs. beam height (N � 4)

Figure 4 Force at the end of the beam vs. applied voltage
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substrate and ground plane, reducing the contact voltage about 2 V
in the simulations.

Fig. 3 shows the displacement as a function of the beam height.
This displacement is independent of the beam height when fring-
ing effects are neglected. However, when beam height decreases,
the fringing capacitance increases resulting in an increase of the
force and displacement for a given applied voltage. This result
demonstrates again that to take into consideration fringing fields is
essential in these structures. Finally, Fig. 4 shows the simulated
force at the contact with and without the inclusion of fringing
effects. This figure shows that fringing effects increase the capac-
itance and the force. This fact improves the contact reducing its
resistance and the switch losses.

The measured performance of the manufactured device is
shown in Fig. 5, along with its photograph [5]. Insertion loss is
	0.13/	0.41 dB at 0.9/6 GHz, return loss is 	37.7/	28.7 dB at
0.9/6 GHz and isolation is 	60.2/	31 dB at 0.9/6 GHz. These
results are comparable to the ones obtained in [4] on a high-
resistivity silicon substrate.

4. CONCLUSIONS

A model for prediction of the actuator displacement in electrostat-
ically actuated, lateral contact RF MEMS series switches has been
presented, a switch topology with increasing acceptance due to the
evolution of thick metal layers technology. It has been demon-
strated that in this topology the parallel-plate approximation for
actuator displacement can not be assumed. In addition, it has also
been demonstrated the importance of considering fringing fields in
the model for a reliable prediction. The simulated results match
very well with the measured actuation characteristics of a series
switch with electrostatic interdigital actuation manufactured with
MetalMumpsTM.
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ABSTRACT: A 900-MHz linear power amplifier with an adaptive bias
scheme is fabricated using a 0.25-�m CMOS technology. The power
amplifier operates over the range of 860–960 MHz, which is the ultra-
high-frequency band for radio frequency identification (RFID). All
matching networks and RF chokes are implemented on a chip. The de-
veloped power amplifier provides a 1-dB-gain-compression point (P1 dB)
of 27 dBm and a power-added-efficiency (PAE) of 28% at the P1 dB. The
adaptive bias scheme enables the power amplifier to reduce the quies-
cent power consumption from 280 to 80 mW by adjusting the gate volt-
age of power transistors as a function of the input power. © 2007
Wiley Periodicals, Inc. Microwave Opt Technol Lett 49: 1241–1245,
2007; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.22435

Key words: adaptive bias; CMOS power amplifiers; transmission-line
transformer; linear power amplifiers; radio frequency identification
(RFID)

1. INTRODUCTION

Radio frequency identification (RFID) is a wireless technology
that allows a reader to activate and communicate with IC-tags
on remote objects using radio waves. In today’s industry, ad-
vanced end-user applications require RFID readers to be em-
bedded into personal mobile devices [1]. Current efforts are
therefore directed to developing a fully integrated, single-chip
CMOS solution for a mobile RFID system. Implementing a
power amplifier is one of the most difficult issues for single-
chip design. Because of the low breakdown voltage and the
substrate loss in CMOS processes, it is challenging to design a
fully integrated CMOS power amplifier with high output power,

Figure 5 Measured insertion loss, return loss and isolation. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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