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[57] ABSTRACT

A desired frequency response of a microwave network on a
monolithic microwave integrated circuit (MMIC), a micro-
wave integrated circuit (MIC), or a hybrid circuit is achieved
by selectively switching MEM switches to change the
network topology. In a filter network, MEM switches con-
nected between capacitors and inductors are selectively
switched to change the network configuration to achieve a
desired frequency response. In an amplifier network, the
MEM switches are selectively switched to tune the amplifier
to a desired frequency response and to reduce harmonic
output.

4 Claims, 3 Drawing Sheets
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TUNABLE MICROWAVE NETWORK USING
MICROELECTROMECHANICAL SWITCHES

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the tuning of microwave
networks, and more specifically to the tuning of filters and
amplifiers using microelectromechanical (MEM) switches
on monolithic microwave integrated circuits (MMICS),
microwave integrated circuits (MICs) and hybrid circuits.

2. Description of the Related Art

A filter typically includes a network of capacitive and
inductive circuits in series, parallel or some combination
thereof. When a filter is implemented on a monolithic
microwave integrated circuit (MMIC), networks of binary
weighted unit capacitors are typically used as capacitive
circuits. Binary weighted capacitors are described in J. L.
McCreary et al., “All-MOS Charge Redistribution Analog-
to-Digital Conversion Techniques—Part 1,” IEEE J. Solid-
State Circuits, vol. SC-10, 1975, pages 371-379. A filter
network has a frequency response that is determined by its
configuration, the capacitance values of its capacitors and
the inductance values of its inductors. Because the capaci-
tors and inductors on a MMIC, a MIC or a hybrid circuit are
usually fixed, and unlike a waveguide filter which can be
tuned by using a tuning screw to change the geometry of at
least one of its cavities, a filter based on a MMIC, a MIC or
a hybrid circuit is generally not tunable.

Two major types of semiconductor switches, PIN diode
and field effector transistor (FET), are used to change a
MMIC circuit configuration. PIN diode switches for micro-
wave applications are described in J. C. Hill et al., “PIN
Diode Switches Handle High-Power Applications,” MSN,
June 1989, pages 36—40. Microwave FET switches are
described in M. Shifrin et al., “Monolithic Control Compo-
nents Handle 27 W of RF Power,” Microwave Journal,
December 1989, pages 119-122.

In general, PIN diode and FET switches have low isola-
tion when the switch is off and high insertion loss when the
switch is on at frequencies beyond the C-band. While PIN
diode and FET switches are suitable for microwave opera-
tions at relatively low frequencies, many modern satellites
operate at higher microwave frequencies in the X-band,
Ku-band and Ka-band. These switches have parasitic
capacitances and inductances which significantly degrade
their performance at these high frequencies, and are there-
fore not used to reconfigure a MMIC filter for the purpose
of tuning.

PIN diode and FET switches are semiconductor devices
with P/N junctions that enable the activation of on/off
switching and exhibit nonlinear characteristics which gen-
erate undesirable intermodulation distortions. Moreover, the
nonlinearities also generate undesired output signals at har-
monic frequencies, and if the switch is used in a filter
network with a poor impedance match, substantial variations
in the harmonic signals can be produced, as described in J.
C. Hill et al, supra.

The operation of a PIN diode or FET switch requires a
continuous power supply to provide a bias voltage, and
therefore consumes power even if the switch is in a steady
state, that is, when the switch remains either on or off. Many
of these switches are usually required for a microwave
network on board a satellite, and the power drain from the
satellite’s batteries for maintaining these switches can result
in a shorter operational life span of the satellite.
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Tuning of a microwave network to match its impedance
to a desired setting for optimal operation traditionally has
been achieved by manual tuning, that is, by manually setting
the effective electrical length of transmission lines in the
network. One example of manual tuning uses a shunt stub,
which is a terminated transmission line segment connected
in parallel with the main transmission line. The shunt stub
has either a short-circuit or an open-circuit termination and
its length is adjustable, whereas the length of the main
transmission line is usually fixed. Impedance matching is
using continuously adjustable shunt stubs is well known and
is described in R. E. Collin, Foundations for Microwave
Engineering, McGraw-Hill, Inc., 1966, pages 207-212.

Manual tuning is not feasible for impedance matching
applications in which the microwave network that is to be
tuned is not accessible, such as satellite operations. Manual
tuning must be completed and the transmission line lengths
fixed before the satellite is launched. Thereafter, it is not
practical to optimize the performance of the microwave
network by further adjusting the transmission line lengths on
board the satellite.

To vary the effective electrical length of a transmission
line to achieve proper tuning, semiconductor PIN diode
switches and/or FET switches are placed along segments of
the transmission line and are selectively turned on and off to
obtain the desired electrical line length. Harmonic signals,
which are generated by a power amplifier’s nonlinear ampli-
fication characteristics, are at integral multiples of the fun-
damental frequency, and are usually undesirable in most
microwave communication applications and therefore must
be reduced. The harmonic signals can be reduced by tuning
the effective electrical lengths of transmission lines at input
and output ends of the amplifier. A typical semiconductor
microwave power amplifier is described in S. Toyoda, “High
Efficiency Single and Push-Pull Power Amplifiers,” IEFE
MTT-S Digest, 1993, pages 277-280.

MEM switches are small switching devices activated by
an actuation voltage, and are usually manufactured on a
semiconductor substrate. Suitable substrates include silicon
(Si) and gallium arsenide (GaAs), which are the most
common types of semiconductor materials used in MMICs.
MEM switches can also be fabricated on substrates of
dielectric materials such as alumina, which is used in hybrid
circuits. MEM switches for GaAs MMICs are described in
L. E. Larson et al., “Microactuators for GaAs-based Micro-
wave Integrated Circuits,” IEEE Transducers '91 Confer-
ence on Solid State Sensors and Actuators, 1991, pages
743-746. The actuation voltage determines whether the
switch is in an “on” or “off” state.

One type of MEM switch is the MEM cantilever beam
deformable switch, which has a deformable cantilever beam
arm that moves to open or close a circuit path and is
described in L. E. Larson, et al, supra. The switch is small
in size, with typical dimensions on the order of 17.5
micronsx125 microns, and can be manufactured on sub-
strates of various materials, such as Si and GaAs. The switch
is turned on or off by a voltage signal applied to a static
electric switching electrode, which is a conductive layer
deposited on the semiconductor substrate and is positioned
beneath the beam arm. The switch opens or closes by
moving the beam arm in response to the voltage signal. A
typical actuation voltage to turn the switch on, that is, to
close the circuit path with the movable beam arm, is in the
range of about 70-90 volts.

MEM switches have not been used in reconfigurable
microwave networks on board a spacecraft because the
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contact is mechanical and has been considered unstable
when subjected to high levels of acceleration and/or vibra-
tion.

SUMMARY OF THE INVENTION

In view of the above problems, the present invention
provides microwave tuning networks which use MEM
switches to selectively change the network topology on a
MMIC, a MIC or a hybrid circuit to achieve a desired
frequency response. In a network comprising a plurality of
inductive lines, MEM switches are connected between the
lines to form a reconfigurable inductive circuit. MEM
switches can also be implemented in a network of binary
weighted unit capacitors to form a reconfigurable capacitive
circuit. A filter is formed by combining these reconfigurable
capacitive and inductive circuits in a desired network con-
figuration. The frequency response of the filter is tunable by
selectively switching at least some of the capacitive and/or
inductive circuits to change the circuit configurations.

Numerous other implementations of MEM switch-based
tuning networks are also feasible. In a microwave amplifier
network, the MEM switches are used to adjust the effective
electrical lengths of input and output transmission lines to
tune the amplifier to a desired frequency response. The
amplifier network can be tuned for a desired frequency
response that reduces the harmonics. Connecting a number
of shunt stubs of selected lengths at selected locations to the
input and output transmission lines changes the input and
output impedances of the transmission lines, and results in
a change in the frequency response of the amplifier network.
Each shunt stub is connected to a transmission line by a
MEM switch. By selectively closing MEM switches to some
of the shunt stubs while opening others, a desired frequency
response for the amplifier network can be obtained.

These and other features and advantages of the invention
will be apparent to those skilled in the art from the following
detailed description, taken together with the accompanying
drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified plan view of a reconfigurable
inductive line network connected by a plurality of switches
on a substrate;

FIG. 2a is a simplified plan view of a reconfigurable
binary weighted capacitor network connected by a plurality
of switches on a substrate;

FIG. 2b is a sectional view taken along the section line
2b-2b of FIG. 2a, showing the plates of a binary weighted
capacitor;

FIG. 3a is a simplified plan view of a microwave filter
formed by connecting a plurality of capacitor and inductor
networks of FIGS. 1 and 2a with a plurality of switches;

FIG. 3b is an equivalent circuit diagram of the filter in
FIG. 3a;

FIG. 4a is a simplified plan view of a transmission line
segment with shunt stubs connected to it via MEM switches
at different locations;

FIG. 4b is a sectional view taken along the section line
4b—4b of FIG. 4a, showing the connection of an open-circuit
shunt stub with the transmission line segment via a MEM
switch; and

FIG. 5 is a simplified plan view of a microwave amplifier
tuning network with MEM-switch-connected shunt stubs.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides microwave tuning net-
works using MEM switches that selectively connect differ-
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ent microwave components on the substrate of a MMIC, a
MIC or a hybrid circuit to change the network topology for
purposes such as producing a desired frequency response.
Impedance matching of a transmission line is achieved by
placing a number of shunt stubs at desired locations and
selectively connecting the shunt stubs to the transmission
line with MEM switches. In a microwave amplifier network,
the transmission lines connected to the input and output of
the amplifier are selectively connected to shunt stubs with
MEM switches to tune the amplifier to a desired frequency
response. In a tunable microwave filter network, the circuit
topology is changed by selectively switching the filter’s
capacitive and/or inductive circuits with MEM switches to
produce a desired frequency response.

MEM switches have several advantages over semicon-
ductor PIN diode or FET switches. The “on” resistance and
the “off” capacitance of a typical MEM cantilever beam
deformable switch are on the order of 2 ohms and 1.6
femtofarads, respectively. As a result of the low “on” resis-
tance and low “off” capacitance, the insertion loss is as low
as about 0.05 dB in the “on” state and the isolation is on the
order of 33 dB in the “off” state at a frequency of about 18
GHz. MEM switches generally exhibit much lower “on”
resistance and lower “off” capacitance than typical micro-
wave PIN diode or FET switches. When switches are used
to adjust the frequency response of a network, it is highly
desirable that the switches be as nearly perfect as possible,
i.e., nearly zero insertion loss in the “on” state and nearly
infinite isolation in the “off” state. Therefore, MEM switches
are better suited for reconfigurable microwave networks
than semiconductor switches.

MEM switches exhibit excellent switching characteristics
with low insertion loss in the “on” state and high isolation
in the “off” state, from DC up to high microwave frequen-
cies. A typical MEM switch has less than 0.5 dB insertion
loss in the “on” state and greater than 25 dB isolation in the
“off” state at frequencies up to about 45 GHz. Therefore,
MEM switches are suitable for operations in the X-, Ku- and
Ka-bands. Moreover, a MEM switch opens and closes a
circuit path by the mechanical motion of its beam arm. There
is no P/N junction in a MEM switch, and therefore no
nonlinearities are produced by the electrical characteristics
of semiconductors. The intermodulation distortions and har-
monics generated by a MEM switch are so small that they
are negligible for most applications.

A MEM switch consumes less power than a semiconduc-
tor PIN diode or FET switch, and does not need a continuous
power supply to maintain a bias voltage. Turning on the
switch requires an actuation voltage, but this voltage only
provides a static electric charge that causes the beam arm to
move, and the power required for switching is much less
than the continuous power required for a PIN diode or a FET
switch. Therefore, MEM switches are suitable for spacecraft
applications in which power consumption directly affects the
life span of the spacecraft.

FIG. 1 shows an embodiment of the invention in which a
tunable inductive line network has a plurality of inductive
lines 6a, 6b, 8a, . . . 8d connected by a plurality of switches
10a, 105, . . . 10k, preferably MEM switches, on a micro-
wave circuit 11 that has a substrate 13 of a semiconductor
material such as silicon or GaAs, or a dielectric material
such as alumina which is used in hybrid circuits. Selective
switching of at least some of the MEM switches changes the
inductance value of the overall inductive line network,
thereby changing its frequency response. In this
embodiment, the inductive lines 6a, 6b each have an induc-
tance value L;, and the inductive lines 8a, . . . 8d each have
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an inductance value L. If the switches 10a, . . . 10c are
closed while the switches 10d, . . . 10k are open, only the
inductive lines 6a, 6b are connected to result in an overall
inductance value of 2L,. If the switches 105, 10f, 10/ and
10j are open while the switches 10a, 10c, 10d, 10e, 10g, 10;
and 10k are closed, the overall inductance of the network is
2L,+2L,. If the switches 10b, 10f, 104 and 10i are open
while the switches 10a, 10c, 10d, 10e, 10g, 10j and 10k are
closed, the overall inductance of the network is 2L,,,L,.
Other inductive network configurations are also feasible,
and the individual inductive lines may have the same or
different inductance values. The inductive line network as a
whole can be used as a single adjustable inductor in a filter,
with the adjustment made by selected switching of the MEM
switches.

FIG. 2a shows an embodiment of the invention in which
a tunable capacitor network has a plurality of binary
weighted capacitors, the top plates 12a, 12b, . . . 12g of
which are connected by a plurality of switches 14a, 14b, . .
. 14k, preferably MEM switches, on a microwave circuit 11
that has a substrate 13 of a semiconductor or a dielectric
material. A binary weighted capacitor has a cross-section as
shown in FIG. 2b, with the top plate 124 positioned on the
semiconductor substrate 13, which is positioned on a com-
mon ground plane 16. The ground plane 16 is usually
grounded, and together with the top plate 124, functions as
parallel plates for the binary weighted capacitor.

The capacitor network as a whole is used as a single
adjustable capacitor in a filter on a MMIC, a MIC or a hybrid
circuit. Returning to FIG. 24, the MEM switches 14a, 14b,
... 14k are selectively switchable so that the topology of the
capacitor circuit can be reconfigured to change the capaci-
tance value of the overall network, thereby changing its
frequency response. In this embodiment, the capacitors 124,
12b, . . . 12g each have a capacitance value C,, and a
transmission line segment 18 is connected to the capacitors
via the switches 14b, 14¢ and 14d. Different network capaci-
tances are obtained by connecting some of the capacitors
while disconnecting others. For example, to obtain an over-
all network capacitance of 2C,, the switches 14a, 14¢c and
14j are closed while the switches 14b, 14d, 14e, 14f, 14g,
144, 14i and 14k are open. To obtain a network capacitance
of 4C,, the switches 14a, 14b, 14¢, 144, 14i and 14k are
closed while the switches 14c, 14d, 14f, 14g and 14;j are
open. FIG. 2q illustrates only one configuration of a MEM-
switch-connected capacitor network; other configurations
are also feasible.

FIG. 3a shows still another embodiment of the invention
in which a tunable filter combines the capacitor and inductor
networks along the lines of FIGS. 1 and 24. An input
transmission line 20 is connected to a binary weighted
capacitor 22a with a capacitance value C,, and the capacitor
22a is connected to a capacitor network 24qa that is similar
to FIG. 2a and includes a plurality of MEM switches to
adjust the network’s capacitance. The capacitor 22a is
connected to an inductor circuit 264 that is similar to FIG.
1. A filter is formed by repeating the structure of alternately
connected capacitors 22a, 22b, 22¢, the respective capacitor
networks 24a, 24b, 24¢ and the inductor networks 26a, 26b.
The filter’s output signal is transmitted from the capacitor
22c¢ to an output transmission line 28. The equivalent circuit
of FIG. 3a is shown in FIG. 3b, in which the capacitances
C,, C, and C, are the sums of the capacitance values of the
capacitors 22a, 22b and 22¢ and the tunable capacitor
networks 24a, 24b and 24c, respectively. The inductances L,
and L, are the inductance values of the tunable inductive line
networks 26a and 265, respectively. Each of the capacitance
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values C,, C, and C, and the inductance values La and Lb,
which together determine the frequency response of the
filter, can be changed by selectively switching at least some
of the MEM switches within the capacitor and inductor
networks. The filter is tuned to a desired frequency response
by closing some of the switches while opening others. FIGS.
3a and 3b illustrate only one filter configuration; other
configurations are also feasible.

FIG. 4a shows an impedance matching network with a
main transmission line segment 40 having an input 42 and
an output 44. The network is implemented on the substrate
13 of a microwave circuit 11, which also includes a ground
plane beneath the substrate to form a complete transmission
line circuit. The transmission line 40 has a characteristic
impedance, which is generally real and is substantially
frequency independent. The impedance of a load at the
output 44 may have a value different from that of the
transmission line’s characteristic impedance, and may even
be complex if the load has a capacitive and/or an inductive
component. If the characteristic impedance of the transmis-
sion line is different from the load impedance and the
effective electrical line length is not properly tuned, a
mismatch occurs and the input 42 is subjected to a voltage
and/or current reflection from the network. Similarly, if there
is a mismatch between the transmission line’s characteristic
impedance and the input impedance at the input 42, the
output 44 is subjected to a reflection. The reflected waves
interfere with desired microwave transmission, reduce trans-
mission efficiency and cause undesired resonance along the
transmission line.

The impedance mismatch is frequency-dependent for a
fixed effective electrical line length. The mismatch within a
selected frequency range can be reduced to produce a
desired frequency response by connecting one or more shunt
stubs of predetermined lengths at selected locations along
the transmission line. Since conventional tuning by continu-
ously adjusting the length of a shunt stub is infeasible in
spacecraft applications, shunt stubs of fixed lengths must be
provided. To obtain a desired effective electrical length for
the transmission line, a plurality of shunt stubs 50 are
preferably positioned on the substrate 13 on one or both
sides of the transmission line 40. Each shunt stub has a
termination 52 which can be either open or short circuited.
On a MMIC or a MIC substrate, it is preferred that the shunt
stubs have open-circuit terminations so that no connections
between the stubs and the ground plane need to be provided.
Short-circuit termination on a MMIC or a MIC requires a
conductor that penetrates through the substrate to electri-
cally connect the shunt stub to the ground plane, and
therefore would be more difficult to manufacture. However,
a short circuit is able to provide a more stable termination in
a wide frequency range and is therefore desirable in some
applications.

Each shunt stub 50 is connected to the main transmission
line 40 via a respective MEM switch 54. By selectively
closing MEM switches to some of the shunt stubs while
opening others, a desired frequency response for the trans-
mission line can be obtained to reduce the impedance
mismatch within a desired frequency range. The spacing
between MEM switches for adjacent shunt stubs along the
transmission line is preferably about one-quarter of a
wavelength, or an integral multiple of one-quarter wave-
length. The length of each shunt stub is preferably about
one-half of a wavelength, or an integral multiple of one-half
wavelength. Other combinations of shunt stub lengths and
spacings are also feasible. The shunt stubs need not have the
same length, and the spacings need not be the same.









