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ABSTRACT 
 
In this paper, we reviewed some of the microelectromechanical system (MEMS) research efforts for high 
frequency applications. The efforts can be generally divided into two areas: planar reconfigurable 
transceivers and phased arrays using MEMS devices. For the planar transceivers, the interest is in 
demonstration of RF MEMS devices with a focus on integration issues including architectures and 
fabrication. Our goal is to establish building blocks for compact, smart transceivers that have beam 
forming and tuning functionality. For phased-array applications, system architectures were demonstrated 
for quasi-optical systems and phased arrays. The purpose is to demonstrate beam forming and steering 
functionality using MEMS devices instead of expensive phase shifters.   
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INTRODUCTION 
 
The advantages of using millimeterwaves and submillimeterwaves have been attracting a growing interest 
in both academic studies and industrial applications. The urgent market demands in broadband wireless 
communications and high-resolution radar systems provide a strong driver and capital promise to utilize 
millimeterwave systems in the near future. The applications vary from commercial uses including 
personal communication tools [1] and automobile collision-avoidance systems [2], to scientific uses 
including remote sensing of the earth’s surface [3] and studying emission spectra of distance celestial 
bodies [4]. The shorter wavelengths in the millimeterwave and submillimeterwave bands allow uses of 
smaller and lighter antennas and components, which makes it attractive to develop compact and portable 
systems, especially for air-borne and space-borne applications. The shorter wavelengths also provide 
broader bandwidths for communications and higher resolution for radar and imaging systems. In addition, 
the atmosphere attenuation of millimeterwaves is relatively low compared to infrared and optical 
wavelengths [5]. This allows us to build cameras and radar with ability to penetrate clouds, fog and dust 
for remote-sensing, missile-seeking, aircraft-guiding and automobile collision-avoidance applications. 
 
Recent progress in monolithic millimeterwave active devices has made it possible for implementation of 
chip-scale integrated millimeterwave systems. High-speed transistors, which can be operated up to 
300GHz, and diodes, which can be operated up to 1THz, have been routinely fabricated [6-8]. However, 
achievement of high-power or high-sensitivity systems is still a challenge due to the low output powers of 
solid-state sources and high losses in tuning and switching elements. Efforts toward reduction of insertion 
losses in transmission lines [9] and increase of Q-factors in inductors and filters [10,11] using 
micromachining techniques have shown significant improvement and great promise. To further develop 
complete millimeterwave systems, reconfigurable components with low losses and high Q-factors are also 
needed. The microelectromechanical system (MEMS) technology that utilizes micromachining techniques 
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to build reconfigurable devices becomes an attractive option [12,13]. MEMS devices can provide 
advantages of batch fabrication, fast actuation, low losses and high Qs. As frequencies increase to 
millimeterwaves and above, the antenna and device sizes reduce to the scales of MEMS architectures. 
This provides means for fast actuation with low power dissipation by microactuators [14-16]. Two- and 
three-dimensional reconfigurable radiation and wave-guiding structures can be constructed by using 
metal-coated silicon, metal-to-metal contacts and sacrificial materials on the surface of devices. This 
allows electromagnetic waves to propagate and be manipulated in free space and reduces dielectric losses 
and parasitic reactance in the substrate. The low series resistance of metal reduces insertion losses and 
increases Q-factors at high frequencies.   
 
In our works, we focus our efforts in two areas: planar structures and phased arrays. For the planar 
structures, our interest is to demonstrate RF MEMS devices that can be integrated to make a 
reconfigurable transceiver. They should provide beam forming or tuning functionality and have the 
potential to be integrated with high-speed electronics.  
 
For phased-array applications, we have investigated different system architectures including quasi-optical 
approaches and planar phased arrays. The focus is to use RF MEMS devices to replace expensive high-
loss solid-state phase shifters in these systems for beam forming. Quasi-optical power combining 
techniques offer a promising approach to realize compact, reliable, high-power and economical systems at 
millimeter and submillimeter wavelengths  [6,8]. A complete quasi-optical transmitter or receiver requires 
monolithic beam controllers for beam steering, focusing and switching. Also, in high-resolution radar 
applications, the phased arrays are required to generate very sharp radiation beams that can be 
reconfigured quickly in order to track more targets. In both systems, conventional waveguide beam-
steering systems are bulky, have high losses and require expensive phase shifters. Therefore, our goal is 
to demonstrate means and advantages to utilize RF MEMS devices in these systems.     
 

RECONFIGURABLE TRANSCEIVERS  
 

We have investigated several RF MEMS components for reconfigurable transceivers. Figure 1 shows a 
system-level schematic drawing for such a reconfigurable transceiver. It includes a reconfigurable Vee-
antenna, shunt planar backshort impedance tuners, microswitches and variable capacitors. In our 
architecture, flip-chip integration of monolithic millimeterwave integrated-circuits and MEMS devices is 
proposed. The flip-chip approach separates the fabrication of MEMS chips and electronic circuits (RF and 

 

 
 
Figure 1: The architecture of a MEMS reconfigurable transceiver.  
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IF). It allows for integration of many different types of substrate materials, increase of yield rates and 
reduction of costs. The IF and low-frequency circuits can be incorporated with the MEMS devices on the 
same chip since the fabrication processes used for our architectures are compatible with those for CMOS 
circuitry.  
 
Figure 2 shows the concept and a photo of a MEMS reconfigurable Vee-antenna. The antenna consists of 
two conductive arms separated with a Vee-angle. The arms are connected with pull/push bars to 
microactuators. The arms are moveable through pulling or pushing by microactuators. Each end of the 
pull/push bar has a moveable rotational hinge. The moveable rotational hinges translate the lateral motion 
of actuators to the circular motion of antenna arms. Each antenna arm can be controlled independently 
with forward- or backward-moving biases on the microactuators. When both antenna arms move in the 
same direction with a fixed Vee-angle, the antenna can be used to steer radiation beams. When the Vee-
angle changes, radiation beam shapes can be adjusted.  
 
The reconfigurability and antenna performance have been demonstrated for a 17.5-GHz MEMS Vee-
antenna [17]. The antenna length is 1.5λ. The antenna arms were actuated to rotate (by 30o and 45o) in the 
same direction with a fixed Vee-angle of 75o. Figure 3 (a) shows the E-plane beam-steering and normal 
patterns. The peaks shift to 30o and 48o. The 3-dB beamwidths are 25o, 26o and 22o for the normal pattern, 
30o- and 45o-beam-steering patterns, respectively. The beamwidths in both E- and H-planes do not change 
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Figure 2: (a) The concept and (b) a photo of a MEMS reconfigurable Vee-antenna. 
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Figure 3: (a) The E-plane beam-steering patterns of a 75o Vee-antenna. (b) The co-pol normal E-plane
patterns for various Vee-angles.  
 

Proc. SPIE Vol. 4334 15



 SPIE 8th Annual International Symposium on Smart Structures and Materials, Smart Electronics and MEMS, March 2001 
 

Page 4 of 10  
 

significantly when the antenna steers the beams. The antenna arms were actuated to rotate in the opposite 
directions with various Vee-angles to demonstrate the beam-shaping functionality. The co-pol E-plane 
patterns are shown in Fig. 3(b) with Vee-angles of 50o, 75o, 90o and 120o. Only half of the patterns are 
shown due to the symmetry of E-plane patterns. With a Vee-angle of 75o, a sharper main beam with lower 
sidelobes is obtained compared to those with Vee-angles of 50o and 90o. With a Vee-angle of 120o, a null 
appears in the main beam.  
 
The architecture of the reconfigurable Vee-antennas allows monolithic integration of impedance tuners. 
Figure 4(a) shows a photo of a sliding planar backshort impedance tuner. The operation principle is 
similar to the one for mechanical waveguide backshort tuners used in metal waveguides [18]. Instead of 
using a moveable short-circuit load in a waveguide cavity, a sliding metal plate on top of a planar 
transmission line forms a moveable short-circuit. It allows a variation for the electrical length of the 
transmission line by varying the position of the sliding planar backshort. Therefore, a shunt transmission 
line with a sliding backshort plate on top can add variable shunt reactance to the load. Two shunt planar 
impedance tuners can perform the impedance-matching functionality. This is similar to the double-stub 
matching approach for microwave circuits. The planar backshort has a cascade of several low-impedance 
sections separated by quarter wavelengths on the sliding plate. The covered section has a lower 
impedance, ZL, than the uncovered section, which has the impedance of the transmission line, Zo. The 
effective impedance of a (2n+1)-section backshort plate can be approximated as (ZL)n+1/(Zo)

n. The 
approach has been demonstrated by Lubecke [19] at 100GHz using a quasi-optical approach and a 5-
section planar backshort without electrically-controlled actuators.  
 
A planar tuner on a coplanar strips (CPS) transmission line is used for impedance tuning of antennas. The 
impedance tuner consists of five covered/uncovered sections, each roughly λg/4 long, where λg is the 
effective guided wavelength (λg ≅  0.42λo). The microactuators are located on the sides of sliding plate to 
pull the plate forward or backward. The transmission-line impedance is designed to be 50Ω and the 
impedance of the covered section is estimated to be 8Ω. Figure 4(b) shows the normalized magnitudes of 
measured and theoretical s21 as a function of position of the sliding plate on the transmission line. From 
the measured data, the maximum tuning range over a four-wavelength moving distance is 12dB. The 
period of the tuning curve is about λg/2, which agrees with the theory.  
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Figure 4: (a) A photo of the sliding backshort impedance tuner. (b) Measured and theoretical 
transmission coefficients for various positions of a 5-section impedance tuner plate on a CPS 
transmission line. 
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Micromachining membrane-based RF switches, such as single-pole cantilever switches and air-gap 
switches, have been demonstrated [20, 21]. The results show low insertion losses and low power 
dissipation. The results are very promising and have initiated many millimeterwave applications [13]. In 
our approach, however, similar switches could not be integrated without changing fabrication processes 
used to make other MEMS devices. With a focus on integration in the proposed architectures and using 
the same fabrication processes, we demonstrate different MEMS switch architectures by using polysilicon 
and microhinges [22] to construct moveable structures.  
 
Figure 5(a) shows an SEM photo of a see-saw-bar switch. A see-saw bar is supported by torsion posts on 
the sides. There are two biasing electrodes at both ends under the see-saw bar. One end of the bar is 
attached to a metal contact pad to make connection for an interrupted line. With actuation voltages on 
different biasing electrodes, the metal contact can be pulled up or pushed down by electrostatic force to 
open or close the connection. The air gap is about 4µm with an actuation voltage of 20V. The DC series 
resistance is negligible and RF performance is currently under investigation. 
 
In a transceiver, it is required to have T/R-module switches with high RF isolation and low insertion 
losses. For the see-saw-bar switches, it requires a tall gap between the bar and biasing electrode. This will 
increase the actuation and holding voltages. To achieve high isolation and a good connection, we propose 
a derrick-type microswitch. Figure 5(b) shows the concept and an SEM photo of the derrick-type switch. 
The microactuators pull away or push forward the pull/push arms. The pull/push arms are connected to 
the actuators and to the sides of the support bar with moveable hinges. With one end of the support bar 
held by fixed hinges on the substrate, the moveable hinges on both ends of the pull/push arms translate 
the lateral movement of actuators to a vertical movement of the support bar. A metal contact pad, attached 
in the end of the support bar, will be pulled up to open, or pushed down to close the interrupted transmis-
sion line. The contact is electrically isolated from the support bar. The air gap between the contacts can be 
as high as 100µm. This provides for the possibility of high RF isolation. The measured rising time for a 
100-µm gap is 150µs and can be further reduced by shortening the pull-push arms. The strong actuation 
force of scratch drive actuators [16] can provide a firm contact between metal pads in order to reduce 
insertion losses. The measured DC resistance introduced by the contact is less than 2Ω. An isolation of 
52dB was achieved at 3GHz.   
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Figure 5: (a) An SEM photo of a see-saw-bar switch. (b) The concept and an SEM photo of a derrick-
type switch. 
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Different MEMS tunable capacitors have been 
demonstrated with goals to achieve low series 
resistance and high Qs [23-25]. Figure 6 shows an 
SEM photo of MEMS parallel-plate variable 
capacitors. The variable capacitor consists of two 
parallel metal plates with variable gap spacing. The 
microactuators pull or push the support arms. The 
microhinges on both ends of support arms translate 
the lateral movement of microactuators to the vertical 
motion of the top metal plate in order to vary the gap 
spacing. The top and bottom plates are coated with 
gold. There are four support arms in each capacitor to 
actuate the top plates in order to increase the 
actuation force. The microactuators and capacitor 
structures are electrically isolated. With micro-
actuators on both sides moving toward the plate at 
the same time pushing the support arms up, the gap 
spacing is increased. With the actuators moving away 
from the plate, the gap spacing is reduced. The 

variable capacitance should follow the formula, C(x) = εoA/x + Cp, where the A is the plate size, x is the 
gap spacing, εo is the dielectric constant of air and Cp is the parasitic capacitance. The actuators can be 
programmed so that not only the height of the gap is variable, but the coupling area (A) between two 
metal plates can also be varied for a linear operation of variable capacitance. In our design, the gap 
spacing can be varied between 1µm and 100µm, with an increment of 20nm, giving a dynamic range of 
1:100 in capacitance. Fig. 6 shows gap spacings of 65µm and 100µm in two different capacitors. 
Preliminary measurement shows an insertion loss less than 0.7dB from 1GHz to 50GHz. The breakdown 
voltages of the MEMS variable capacitors should be much higher than diode varactors. The measured 
breakdown voltage of a MEMS capacitor is more than 200V, where the measurement was limited by the 
availability of high-voltage sources.  
 

QUASI-OPTICAL BEAM FORMERS 
 
Quasi-optical power combining techniques combine powers in free space to eliminate dielectric losses or 
use of single-mode waveguides. Many solid-state high-speed devices could be incorporated through 
wafer-scale integration in a quasi-optical component. It is a promising approach to realize compact, re-
liable, higher-power and economical systems at millimeter and submillimeter wavelengths [6,26]. A 
complete quasi-optical transmitter or receiver requires monolithic beam-controllers for beam steering, 
focussing and switching. Previous efforts for quasi-optical beam-controllers considered periodic 
structures loaded with varactor diodes in stead of phase shifters. By controlling the biases on varactors, a 
linearly progressive phase shift can be provided across the aperture to steer the beam [27-29]. This 
approach faces the technical challenge to reduce losses caused by series resistances of Schottky diodes at 
high frequencies.  
 
The idea of using reconfigurable passive elements with MEMS RF switches to provide phase shifts, 
instead of using varactor diodes, to reduce insertion losses has been demonstrated [30-31]. Extending the 
same approach to large-aperture antenna applications provides more functionality to produce multiple 
beams for simultaneous targeting; and dynamic reconfigurability of beam forming/switching/steering for 
multiple feed networks. We have demonstrated a new architecture using unit blocks to construct large-
aperture arrays [32]. Figure 7(a) shows the concept. The incident waves enter the grid from the right side 
and re-radiate from the left surface into the free space. The grid consists of 5x5 unit blocks, in which each 
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Figure 6:  An SEM photo of 500µm x 500µm 
parallel-plate variable capacitors with gap 
spacings of 65µm and 100µm. 
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block provides either a capacitive phase shift or an inductive phase shift uniformly across the unit block. 
Each block has 6x6 unit cells. Each unit cell has capacitive metal patterns on the back and inductive strip 
on the front, as shown in Fig. 7(b). The inductive strips are interrupted by switches in series. The switches 
change the shunt reactances for the propagation waves from inductive, when the switches are closed, to 
capacitive, when the switches are open. Fig. 7(c) shows the equivalent circuit. By changing the settings of 
switches in different unit blocks to reach different reactances, binary phase-shifts across the aperture can 
be achieved. A phase variation across the transmitting aperture sets the directions or shapes of the beams 
in the far field. The unit-block approach reduces the phase coupling between elements that have different 
metal patterns and simplifies control circuits.  
 
The 5x5-block grid was reconfigured to demonstrate, using conductive tape to imitate MEMS switches, 4-
way beam forming at 5GHz. The grid was rotated every 10o about the center of grid to measure the 
pattern in each cut-plane in order to construct 3-D patterns. Fig. 8 shows the 3-D beam patterns and the 
legends show the configurations of the 5x5 unit blocks. The peaks appear at ±18o and ±20o in the E- and 
H-planes, respectively (Fig. 8(a)). When the configuration of the grid switches to the one in Fig 8(b), the 
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Figure 7: (a) A 900-element reconfigurable transmission-type beamformer. The 30x30 array is divided 
into 5x5 unit blocks. Each contains 6x6 unit cells. (b) The back and front metal patterns of a unit-cell. 
(c) The equivalent circuit of a unit-cell. 
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Figure 8: Multiple-beam beam forming and switching. The legends show the unit-block configurations 
in the array (“-”: capacitive and “+”: inductive). 
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four peaks appear at ±18o in the two 45o-cutplanes. This demonstrated the functionality of forming 
multiple beams and beam switching. The 5-GHz model is a proof-of-concept demonstration. For 
millimeterwave applications, the MEMS switch arrays and metal patterns would be monolithically 
fabricated on wafers.  
 

PHASED-ARRAY BEAM STEERERS 
 
Phased-array antennas are used to steer radiation beams electronically. The applications usually need 
many antennas in an array in order to generate sharp beams with large scanning angles. This requires 
many expensive phase shifters and the number of phase shifters scales with the number of antennas in an 
array. In addition, an electronic phase shifter along the transmission line may be a limiting factor as to 
the power handling capability and nonlinearity of the antenna. In this work, we demonstrated the 
feasibility of using reconfigurable photonic band gaps (PBG) on ground plane with MEMS switches in 
order to eliminate phase shifters [33].  
 
Photonic bandgap (PBG) ground planes in a microstrip line are periodic etched holes in the ground-plane 
metal. They change the propagation constant (β) in its passband [34]. At the edge of the passband, the 
value of β is almost double that of a normal microstrip line. This provides the possibility of phase shifting 
without using electronic phase shifters. Fig. 9(a) shows the architecture of phased-array antennas using 
MEMS RF switches to reconfigure the PBG periods in the ground plane. A four-element patch-antenna 
array was designed operating at 5.6GHz to demonstrate the principle. The 50-Ω microstrip line feeds the 
patch antenna, with three columns of 18 PBG periods per column etched on the ground plane. The PBG 
periods can be dynamically varied using RF switches. The discrete beam-steering patterns are obtained by 
covering a varying number of PBG periods with conductive tape to imitate MEMS switches. The 
maximum phase lag between adjacent antennas is obtained when the PBG periods are configured as 0, 6, 
12 and 18 (0-6-12-18) periods under the four lines, respectively. Fig. 9(b) shows the beam steering 
results. The different patterns have individually been normalized, nonetheless the relative peak powers of 
the different steering patterns varied by less than 2 dB. The beam-steering angle varies linearly as the 
number of PBG periods is varied and a maximum beam steering of 35° is obtained. Larger scanning 
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Figure 9: (a) The 4-element patch-antenna array with the reconfigurable PBG holes on the ground 
plane. (b) Measured patterns for the different ground-plane configurations. Full patterns from –90° to 
+90° were measured. The legends show the PBG periods (with open switches) for each antenna. 
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angles can be achieved by increasing the numbers of PBG periods in the ground plane and higher 
resolution can be achieved by increasing the number of antennas or change of  array configurations.    
 

CONCLUSIONS 
 
In this paper, we reviewed some of the RF MEMS research efforts in the University of Hawaii. We have 
investigated several RF MEMS devices with a goal to build dynamically-reconfigurable transceivers for 
millimeterwave applications. We have also examined several system architectures for applications of RF 
MEMS switches. MEMS technology has launched a revolutionary approach to realize high-frequency 
systems and applications. Initial demonstrations show some of the advantages and potentials. However, 
there are still many issues to be studied such as materials, structures, packaging, RF coupling, and 
reliability.   
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