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Abstract: This paper presents a review of the applications of Radio Frequency Micro electro mechanical (RFMEMS) switches
for the tuning of Defected Ground Structures (DGS). In wideband communication systems, tunable systems are preferred over
multichannel systems as they offer compactness. Microelectromechanical system (MEMS) based switches are replacing
semiconductor based switches in tuning of RF devices such as filters, phase shifters, antennas etc. Defected Ground structures
are employed as filters or as slow wave structures for achieving compactness for other filter designs. This review includes
MEMS based tuning of Defected Ground Structure based filters over planar transmission lines such as CPW and microstrip
transmission lines. Compared to microstrip based designs, CPW based DGS filters have ease of implementation with other
coplanar elements, since it does not require via holes. MEMS DC contact switches are employed for inductive tuning by
varying the effective area of DGS, while shunt switches are employed for the capacitive gap tuning. A large number of
distributed MEMS switches over CPW line forms a Distributed MEMS Transmission Line (DMTL). DMTL based structures
are also employed for tuning of DGS structures.

Keywords: Micro electro mechanical systems (MEMS), Defected Ground Structures (DGS), Distributed MEMS
Transmission Lines (DMTL).

1. Introduction 2. History of MEMS

Tuneable Filters based on defected ground
structures have seen many important applications in
communication systems in the past decade. Defected
ground structures are characterised by a slow wave
effect that results in circuit compaction, as well as a
band stop effect that finds application in RF filters.
Tunability is also employed for compacting multi-
channel circuits. MEMS switches are increasingly
replacing semiconductor switches for applications in

Richard Feyman, spoke about storing information
onto individual atoms, at his famous lecture at the
annual meeting of the APS Society in 1959, ‘There's
Plenty of Room at the Bottom: An Invitation to Enter
a New Field of Physics’[1]. Feyman also suggested
manipulation of these atoms using machines at
nanoscale. Deep Silicon etching was demonstrated in
1967 [2]. Micromechanical nozzles were developed
for inkjet printer in 1979. Tanner et.al. developed the

tunable RFICsystems, due to their characteristics such
as low insertion loss (I.L), low power consumption
and high linearity. The only disadvantages of MEMS
switches when compared to semiconductor devices are
their comparatively larger rise times. This paper aims
to review MEMS tuned DGS filters.

http://www .sensorsportal.com/HTML/DIGEST/P_RP_0238.htm

first micro engine based on surface micromachining at
Sandia National Laboratories [3, 4]. A wide range of
micro mechanical sensors and actuators have
followed, in engineering, medicine and other
fundamental sciences.
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3. MEMS and RF MEMS

The application area of MEMS in RF
communication systems, is known as RF MEMS.
Frequencies of GHz, or wavelengths of pm can be
generated using micro electromechanical resonators.
Q factors of such resonators are in the range of
thousands, as compared to hundreds for than
semiconductor-based  devices. The low heat
dissipation and ultra-small moment of inertia of
MEMS devices leads to ultra-low power consumption
in nJ, which is much less compared to p/ for
semiconductor devices. Also, the on-state resistance,
of MEMS devices are low (1 — 22), leading to low
insertion loss.

4. Characteristics of RF MEMS Switches

MEMS switches are characterised by low insertion
loss (I.L) and high isolation. I.L for shunt switch is
typically better than —0.04, and for series switch
—0.1dB. Isolation for shunt switch is better than
—60dB at 5 to 100GHz whereas power consumption
is in nJ. In comparison, semiconductor /PIN switches
have higher insertion loss —1dB and very low
isolation (near —5dB) at RF frequencies. MEMS
switches suffer from larger rise times (1s as compared
to ns) in place of semiconductor switches, which can
limit its use in mission critical applications such as
airborne applications and satellite systems.

A disadvantage of MEMS switch is low power
handling under hot switching (typically up to
30dBm or 1W). MEMS switches with higher power
handling upto 40dBm (or 10W) has been developed
[5]. MEMS switches with 3.6W of power handling
and monolithically integrated with GaN MMIC is
discussed in [6].

Reliability of MEMS switches is typically about
10 to 60 billion cycles. On-board satellite systems
and air borne applications require reliability over 100
billion cycles. A MEMS DC contact switch with
capping technique has reported 200 billion lifecycles
at 10W cold switched RF power [5]. Raytheon
demonstrated capacitive switches with reliability of
100 billion cycles and power handling of 30dBm [7].
Practical solutions to reliability issues in MEMS is
discussed in [8]. MEMS switches usually require
higher control voltages than PIN diode switches.
Actuation voltages typically vary from 20 to 80V. This
can be reduced using Distributed MEMS transmission
lines (DMTL).

MEMS switches and relays are employed for tuning
RFICs. MEMS relays can tune the lengths of
evanescent cavities [9] and optical laser cavities [10].
MEMS switches are employed in choosing between
transmission paths in phase shifters or for
reconfigurable circuits [11, 12]. A transmission line
can be short or open circuited by loading MEMS metal
beams. Varactors based on MEMS shunt switches use
analog actuation voltages [13-15].
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5. Defected Ground Structures

Etched defects in the ground plane of a
transmission line gives rise to a Defected Ground
Structure (DGS) [16 to 29]. The equivalent inductive
and capacitive elements of the defect can be varied
using MEMS switches using MEMS DC contact
switches and MEMS shunt switches, as discussed
below.

6. Tuning Defected Ground Structures
using MEMS Switches

6.1. Using MEMS Switches Across the Gaps
of DGS

The field coupling into the defect is tuned to vary
the equivalent capacitance. In [30], MEMS DC contact
fixed - fixed beam switches placed over periodic
defects are employed as stubs for impedance
matching, as shown in Fig. 1.
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Fig. 1. (a) Capacitive tuning by loading MEMS switches
across the gaps of DGS; (b) R.L. for different switching
states, [30].

The switch beams when actuated short out the
defect gaps, to eliminate the slow wave effect of the
defect. The measured results demonstrate wide
coverage of the Smith chart, as shown in Fig. 2, with a
maximum VSWR of 12:1 at 60 GHz. The measured
loss of the network when used to match a 10 Q load to
50 Q from 22 GHz up to 40 GHz is only -0.5 dB.
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Fig. 2. (a) Capacitive tuning by loading MEMS switches
(shown in grey) across the gaps of a T shaped DGS (shown
in black (b)). Variation in resonant frequency [31].

MEMS switches placed across the gaps of DGS are
employed in tuning of resonant frequency in filters.
[31]. The field coupling into the defect is affected by
the presence of the switch beam, varying the
inductance. The switch anchors are raised above
ground level while the actuation electrode is situated
below ground level, to avoid pull in of the switches.

Capacitive tuning method results in nonlinear
variation of resonant frequency with beam height,
such that lowest beam heights, result in maximum
variation, see Table 1. In this method, the depth of
attenuation also reduces with the beam height.

Table 1. MEMS switches across DGS gaps- tuning
of filter parameters [31].

hight | BW | trequeney | 1L | RL
p(um) | (GHz) | f,(GHz)

0.6 2.2 12 -40 -0.3
0.3 1.6 8.8 -35 -0.3
0.1 1 5.2 -30 -0.3

A Defected ground structure with slots performs as
a BSF and with MEMS switches across the gaps it
functions as a hybrid resonator. The shunt capacitance
is a function of MEMS switch height [32, 33].
The actuation voltages to the switches are varied from
0 to 44 V, to vary the filter parameters as shown
in Table 2.

Table 2. MEMS tuning of CPW DGS filter [32].

Bias voltage (V) 0 13 23 | 33 | 44
Centre
frequency (GHz)
3 dB Bandwidth
(GHz)
Returnloss (dB) | 23 | 24 | 25 | 2.6 | 2.8

123 | 11.8 | 11.2 | 9.8 | 8.5

4 35 | 3.1 [ 2621
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Fig. 3. (a). CPW TDGS with four slots and tuned by
MEMS switches across gaps. (b). Variation of
resonant frequency with actuation voltage [32].

6.2. Using MEMS DC Contact Switches Over
the Inductive Defects of DGS

The current loop inside the defect and its
equivalent inductance, can be varied by placing DC
contact switches to short out defect regions. In
comparison to semiconductor switches, usage of
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MEMS switches achieve reduction in insertion loss,
power consumption and increase in linearity. At lower
frequencies, where the circuit dimensions are larger,
MEMS switches are replaced by semiconductor
switches.

MEMS series DC contact switches are employed to
vary the dimension of a square DGS. The change in
equivalent inductance varies the resonant frequency
and the cut off frequency [34], as shown in Fig. 4 a, b.
The resonant frequency of the basic cell increases
from 20.3 GHz to 23.44 GHz due to decrease in the
effective area. The filter consists of 3unit cells in
cascade and resonant frequency varies from 23.4 to
18.2 GHz. The cascaded filter has wider bandwidth
than the unit cell.
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Fig. 4. (a). MEMS switches (marked in blue) loaded over
defect area; (b) Frequency shift due to actuation [34].

DGS structures that are periodic in two dimensions
have a constant equivalent capacitance while the
inductance varies with the number of cells [35]. A 2D
periodic DGS is reconfigured by RF MEMS series
switches of fixed- fixed type [36]. The respective
number of tuning states obtained is 2 and 8 for [35]
and [36].
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A narrow slot that interconnects two defect regions
is loaded with MEMS switches. This results in two
tuning states for a reconfigurable filter [37], see Fig. 5.
Actuation of the switch eliminates the effect of the
second region. By actuating MEMS switch, the
reconfigurable frequency response switches from
bandpass to band stop response. In [38], a microstrip
antenna having a defect slot etched in the ground plane
is tuned using MEMS series switches. This eliminates
the effect of the slot line region succeeding the switch,
and creates 3 tuneable frequency states [38].
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Fig. 5. (a) MEMS switches for reconfiguring the effective

defect structure, (b) OFF state of switch, bandpass filter. (c)
ON state of switch, bandstop filter [36].
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MEMS switches are employed in a microstrip
DGS at different positions, for a reconfigurable
frequency response [39]. Multiple contact MEMS
switches are loaded over a DGS [40]. In most of these
works, attenuation depth is greater than 20 dB, while
insertion loss varies from filter to filter, but losses are
generally lesser at low frequencies (< —1 dB) than
higher frequencies (—2 to—3 dB). A comparative
study of the MEMS based tunable filters is given in
Table 3.

DGS filters are characterised by Q factors that vary
according to defect shape. Prior to DGS structures,
Photonic Band gap structures (PBG) (see Appendix B)
were generally employed, having shapes such as
triangular, square etc. But Photonic band gap
structures had frequency responses primarily decided
by other parameters such as periodicity filling factor,
etc. and was less dependent on shape of the lattice
[41]. For DGS, the band stop properties result from the
combined effect of capacitive gap and inductive
aperture. Hence the frequency response is dependent
on both the dimensions and the shape of the defect
[42].

A spiral DGS can achieve large Q and high
rejection, with compact area. The large loop length
resulting from the spiral structure creates large
inductance. But it does not allow for the positioning of
anchors of MEMS switches. Periodic structures such
as fractal DGS [44], are efficient and compact, but
these structures also are not convenient for loading
MEMS switches. Other reported DGS shapes include
circular [45], alphanumeric [46], H [47, 48] and U
shape [49] and interdigital DGS [50]. The
alphanumeric DGSs and the circular DGS have low
loop lengths and large area. Hence switch actuation
changes the shape of the defect, rather than its
dimensions and hence the change in the resulting
frequency response cannot be easily predicted. The U
DGS has very narrow bandwidth or high Q.

The interdigital DGS [50] has acceptable rejection
and moderate bandwidth. The loop length is large,
creating a larger tuning range of resonant frequency,
in a predictable manner. Even though the structure of
the interdigital DGS is compact, it is suitable to be
tuned by MEMS switches. T shaped DGS [51]
includes protruding metal strips, and provides a large
gap capacitance. The T shaped structure is convenient
for placing switch anchors.

6.3. Using Distributed MEMS Transmission
Lines

A third method of tuning DGS structures employs
distributed MEMS switches, called Distributed
MEMS Transmission Lines (DMTL) between
adjacent DGS structures [52]. The capacitance of the
MEMS switches is controlled through electrostatic
actuation, and varies the effective electrical length
between DGS structures. When compared to designs
employing independent MEMS switches, DMTL

based designs allow switches to be operated at lower
actuation voltages, by compensating for the upstate
switch capacitances.

6.4. Using a Combination of the above
Methods

In [54], MEMS switches are employed for tuning
both the resonant frequency as well as bandwidth of a
T shaped DGS as in Fig. 6.a. MEMS ohmic switches
(or DC contact switches) are fixed over four branches
of a T -DGS, for fine tuning of resonant frequency.
MEMS series switches placed across the gaps of the
DGS are used for coarse tuning. Bandwidth is tuned
using distributed MEMS switches in a DMTL.
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Fig. 6. (a) BSF filter with tunable resonant frequency and
bandwidth, using T-DGS and MEMS switches, (b) Fine
Tuning using DC contact switches (1 to 4) & (1’ to 4°) c.
Coarse tuning using MEMS switches over DGS gaps [54].
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The fine-tuning methods increases the resonant
frequency from 22 to 22.8 GHz, see Fig. 6.b. The
depth of the attenuation null and the resonant
frequency are slightly shifted due to the presence of
switch beams in the upstate.

Coarse tuning of resonant frequency is achieved by
providing actuation voltages to MEMS switches
placed across the gaps of DGS structures, switches 5,
6 and 5°, 6°of Fig. 6a. The variation of resonant
frequency in height of the switch beam results in
nonlinear variation of the resonant frequency as shown
in Fig. 6.c. Maximum variation is obtained in resonant
frequency occurs for extremely small beam heights of
less than 0.1pm. By placing the actuation electrode
below ground level, pull down is avoided. The
resonant frequency corresponding to the upstate of the
gap tuning switch is 20 GHz. For a gap height of
0.1pm, it reduces to 8.4 GHz.

In [55], an interdigital DGS is tuned using MEMS
DC contact switches loaded at the bends. Actuation of
the switch short out the effect of the defect region after
the bend. Additional switches allow large number of
tuning states. The filter and its tunable frequency

(@

response is shown in Fig. 7 a, b. For the filter with
switches only at the bends, the resonant frequencies
are non-uniformly spaced. With large number of
additional  switches, closely spaced resonant
frequencies are obtained, while variation in
attenuation depth is only 3dB, between — 23 to
—26dB.

A quarter wave comb-line resonator etched on the
signal strip of a CPW line, on a high resistivity silicon
(HRS) substrate, is tuned using MEMS switches [56].
DGS is employed to reduce the filter dimensions and
increase the quality factor. The dimensions of the
defect structure are optimised through equivalent
circuit simulations in Ansoft HFSS. The filter has an
LLL. of - 0.51 dB and -2 dB respectively, for up and
down states of the MEMS switches. In the stopband,
R.L. varies between -0.3 to -0.5dB. The filter achieves
a tuning range from 29.8-35.6 GHz and rejection
between 37 and 45 dB, while the maximum with
actuation voltage of the MEMS switches is 44.5 V.

A comparative study of the MEMS based tunable
filters is given in Table 3. It is seen that MEMS
switches are an excellent choice for achieving tuning
in RF communication systems.

S parameters (dB)

_305._00 7.50 1000 1250 1500 1750 2000 2250 25.

Frequency (GHz)
(®)

Fig. 7. a) Tunable interdigital DGS using MEMS DC contact switches over bends, b) frequency response showing large
number of resonant frequencies [55].

Fig. 8. CPW combline quarter wave resonator loaded with MEMS switches [56].
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Table 3. Comparison of DGS filters tuned using MEMS.

SL No Frequency ‘]?V?Cll]t(:l Rejection | I.L Pass R.L Stop é(c):;x:gt;on
(GHz) (GHz) (dB) band (dB) band (dB) V)
1. [31]BSF 5to 15 2-1(20dB) | -30 2" -5 ---
2.1-3.5 -
2. [32]BSF 8.5t012.3 (3 dB) -15t0-20 | -2 -23t0-2.8 | 44
3. [33]BPF 10to 13.5 -15t0-20 | -2.3t0-3.1 -7 33
4. [34] BSF 182t023.4 | 2.87 to --- -32t0-35 | -1to-2" -5 e
5. [35] BSF 19-27 GHz | 8.1(3dB) -22t0-18 | -0.1to-2.5 -0.5 20
BPF (20.1)- | 9.6-9.2
6. [36] BPF BSF (19.8) | (3 dB) -25t0-50 | -1.55t0-1.2 -2.5t0-1 38
7. [37] BPF 1.62t0 1.85 | 0.13(3dB) | -20" -1.3t0-2.9 ---
8. [38] LPF 0 (LPF) 8.21025.2 -20° 2" -1.2t0-1.3 | 33
10to 19 -0.15t0 -1.95
9. [54] BSF | 8.4t020 (3 dB) -20 to -47 (-1.05 ave.) -0.4 45,5,10
10. [55] BSF 11.6-19.5 510 6.5 -23t0-26 | -4to-1.1 -0.3 9.5
11. [56] BSF 29.8-35.6 | - -35t0-45 | -0.15t0 -2 -0.3t0-0.5 | 445

Note: values denoted by * indicate that the values are obtained from graphs through visual observation

7. Conclusion

MEMS switches are employed for the tuning and
reconfiguring of DGS structures for varying the
resonant and cut off frequencies of the filter. The
switches are employed for capacitive or inductive
tuning, or both. Inductive tuning results from tuning
the structure and dimensions of DGS. Capacitive
tuning is achieved by altering the field coupling into
the defect structure. The spacing between adjacent
DGS structures can be altered using distributed
MEMS switches, to vary the filter bandwidth. MEMS
devices are characterised by very low power
consumption and low insertion loss and as well as high
linearity, as compared to semiconductor switches. The
only disadvantage of MEMS switches is the larger rise
times required for mechanical switching, which might
be of importance in mission critical applications or air
borne applications.
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