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Abstract—This paper presents new types of analog and digital
micromachined impedance tuners. Analog impedance tuners using
resonant unit cells realized by tunable micromachined capacitors
showed a wide tuning range equivalent to almost two quadrants
of the Smith chart with a maximum voltage standing-wave ratio
(VSWR) of 21.2 at the -band. Frequency variability is also pro-
vided through the use of -inverters with tunable capacitors. Also
presented in this paper is a digital micromachined tuner, where
the short-circuited shunt stubs are loaded with microelectrome-
chanical system (MEMS) capacitive switches. The electrical length
of the stub and the overall impedance of the tuner are thus con-
trolled according to the switching states of the MEMS capacitors.
The digital tuner presented impedance ranges suitable for load
impedances of the RF power transistors and showed a high max-
imum VSWR of 32.3. Compared with the state-of-the art tuners
using field-effect transistors, micromachined tuners of this paper
show superior VSWR ranges as well as wide impedance ranges.
Micromachined tuners are very promising for low-loss tuning of
the monolithic circuits as well as for accurate noise and power char-
acterization.

Index Terms—Coplanar waveguide, micromachining tech-
nology, transmission line, tuner.

I. INTRODUCTION

M ONOLITHIC microwave integrated circuits (MMICs)
are well suited to high-volume commercial applications

due to the capability of the batch process, which is the key to
reduce the process cost and enable mass production. However,
there are often cases where the fabricated circuits may not meet
the required specifications due to the deviations in the process
parameters such as layer thickness and doping concentration.
For the case of MMICs, it is virtually impossible to correct the
values of each component once the fabrication is finished. The
tuning elements like the impedance tuner can be very useful for
this purpose [1]. With an on-chip impedance tuner, the circuit
elements can be fine-tuned to meet the desired specifications if
necessary.

The tuner is also useful for device characterization purposes.
For these applications, the tuners can be incorporated directly
into a probe tip or MMICs, eliminating any loss between the
tuner and test device, resulting in high reflection coefficients
at the test device [2], [3]. For example, a field-effect transistor
(FET)-based impedance tuner has been developed for noise
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parameter measurements [2]. Similar tuners have been devel-
oped for power applications such as load pull measurement. Ida
et al. have demonstrated an on-wafer tuning loadpull method,
where the load impedances of the FETs were controlled by
replacing RF probes and removing airbridges on coplanar
waveguide (CPW) lines [3]. This method, however, does not
offer repeatable electrical tuning.

The tuners are generally required to meet the following
conditions. First, a wide impedance tuning range is required
to cover as much impedance range as possible. Second, the
loss of the tuner should be low enough to achieve reflection
coefficients very close to one. Another useful feature of the
tuner is the power handling capability, which is most important
when applied to the high-power circuits such as power ampli-
fiers. Conventional tuning elements such as p-i-n diodes and
transistors have shown relatively limited loss characteristics,
leading to reduced impedance ranges. The nonlinear char-
acteristics of the semiconductor-based tuning elements also
limit their use as high-power tuning elements. Micromachining
techniques are most effective in this regard. The advantages
of micromachined components over FETs or p-i-n diodes for
tuning elements are their low-loss performance and lack of
measurable intermodulation distortion [4].

In this paper, we propose two types of high-performance
micromachined tuners at the -band: analog and digital.
Analog tuners showed wide tuning ranges using resonant unit
cells. Frequency variability has also been added by employing
frequency-tunable resonators. Digital tuners using capacitive
microelectromechanical system (MEMS) switches have been
developed for high-power applications. Digital tuning using
MEMS switches offers accurate and repeatable impedance
control by using only two stable states (ON andOFF). The analog
tuner showed a maximum voltage standing-wave ratio (VSWR)
of 21.2 while digital tuner showed a maximum VSWR of 32.3.
To the best of our knowledge, this is the first demonstration
of low-loss and wide-range impedance tuners using MEMS
technology at the -band.

II. V ARIABLE CAPACITOR

The tuners of this paper employ either analog or digital mi-
cromachined variable capacitors as the tuning elements. Micro-
machined varactors are basically parallel-plate capacitors where
the top plate is suspended in the air by cantilever or bridge-type
anchors. In the case of analog MEMS varactors, electrostatic
force between the top and bottom metal plates changes the dis-
tance between the plates, causing the capacitance to vary ac-
cordingly. In digital varactors, theON state is defined when the
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(a)
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Fig. 1. (a) Shunt capacitor. (b) Series capacitor.

TABLE I
EXTRACTED PARAMETERS OF THECAPACITOR MODEL

top plate is completely deflected by applying voltages greater
than the pull-in voltage while theOFF state is defined as when
the plates are separated as is. Compared with FET or p-i-n diode-
based varactors, micromachined varactors offer lower loss and
superior linearity characteristics. However, an accurate device
model is not available for MEMS varactors. In this paper, var-
actor model parameters have been extracted for two types of mi-
cromachined capacitors used in this study: the shunt capacitor
and the series variable capacitor. Fig. 1 shows schematic dia-
grams of both capacitors.

The two important parameters of variable capacitors are the
capacitance ratio ( / ) and theQ-factor. The capaci-
tance ratio determines the tuning range while theQ-factor sets
the upper bound for VSWR. To estimate these parameters ac-
curately, one-port varactor test patterns have been fabricated
and their -parameters have been measured up to 100 GHz by
on-wafer probing using an HP8510XF vector network analyzer
(VNA). The parameters have then been extracted by curve fit-
ting the model to the measured-parameters. The initial esti-
mate for curve fitting has been calculated by electromagnetic
(EM) simulations using IE3D.

Equivalent capacitance and series resistance values have been
extracted together with the correspondingQ-factors. Table I
shows extracted parameters for each state of the MEMS var-
actors. The shunt capacitor has been tested under digital driving
conditions while the series capacitor has been measured under
analog conditions; a 30% change in the capacitance is assumed.
The digital shunt capacitor shows a capacitance ratio of 10.9.

(a)

(b)

Fig. 2. Fixed-frequency tuner. (a) Schematic. (b) Photograph.

TheQ-factor of both capacitors in theOFF state is higher than
340 at 30 GHz.

III. A NALOG IMPEDANCE TUNER

Analog impedance tuners have been realized using tunable
metal–air–metal parallel-plate capacitors fabricated by micro-
machining techniques. It shows a 30% capacitance variation be-
fore the top plate of the capacitor is fully deflected. Two types
of tunable capacitors were used in the analog tuner: shunt and
series.

Since the capacitance variation available from the microma-
chined capacitor is limited to 30%, a special technique is needed
to extend the impedance tuning range needed for tuner opera-
tion. For this purpose, we have employed a resonant unit cell
operating near the resonance frequency. The large reactance
change near the resonant frequency makes it possible to ob-
tain a relatively large impedance variation. Two different analog
tuners have been designed and fabricated: the fixed-frequency
tuner and the frequency-variable tuner using-inverters.

A. Fixed-Frequency Tuner Using Shunt Resonant Cells

The schematic and photograph of the fixed-frequency tuner
are shown in Fig. 2, which is implemented by the transmission
lines loaded with two shunt resonant cells consisting of a micro-
machined shunt-type variable capacitor and a high-impedance
short-circuited line operating as a grounded inductor. The fixed-
frequency tuner synthesizes the impedance on the Smith chart
by tuning the capacitance of the shunt resonator with the tunable
capacitors and . The tuning range of this tuner is targeted
for noise matching of the transistors.
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(a)

(b)

Fig. 3. Frequency-variable tuner. (a) Schematic. (b) Photograph.

B. Frequency-Variable Tuner Using Resonant Cells With
-Inverters

Even though the resonance-type tuners show a wide impe-
dance range, the operating bandwidth turns out to be very
narrow. In order to solve this problem, an additional frequency
tuning element is added in the unit cell to change the resonance
frequency of the resonator itself. Variable inductors, which
are hard to implement in monolithic form, would be needed
for this frequency tuning. In this study, an artificial tunable
inductor has been synthesized by using a circuit consisting
of a shunt-tunable capacitor between two-inverters [5], [6].
It is then possible to move the resonance frequency with this
equivalent variable inductor.

The second design is the frequency-variable impedance tuner
shown in Fig. 3. The schematic of the frequency-variable tuner
is shown in Fig. 3(a). It consists of two frequency-variable par-
allel resonant cells and two tunable capacitors (and ).
The series capacitor effectively changes the angle of the re-
flection coefficient while the parallel resonance cells change the
magnitude of the reflection coefficients. Frequency tuning of the
resonance cells is achieved by changing the capacitanceand

together with the effective inductance with and con-
nected by -inverters. The bias circuit to each tunable capacitor
is implemented with a quarter-wavelength line and an MIM ca-
pacitor. This impedance tuner is designed to synthesize the im-
pedances in the second and third quadrants of the Smith chart
for use in the optimum load measurement for power transistors.

(a)

(b)

Fig. 4. Digital MEMS tuner. (a) Schematic. (b) Photograph.

The chip sizes of the fixed-frequency tuner and frequency tun-
able tuner are 3.2 2.7 mm and 3.7 2.0 mm , respectively.

A commercial circuit simulator (HPADS) and an EM sim-
ulator (IE3D) have been used for tuner design and analysis.
Full-wave analysis has been performed for accurate prediction
of tunable parallel-plate capacitors and discontinuities in the
CPW.

IV. DIGITAL IMPEDANCE TUNER

Digital tuning using MEMS bridge capacitors offers accurate
impedance control since it uses only two stable states (ON and
OFF states). A digital MEMS tuner was designed to cover the
second quadrant of the Smith chart that corresponds to the
general impedance area for optimum load matching of power
transistors. Fig. 4(a) shows the simplified schematic diagram of
the digital MEMS tuner. Two shunt short-circuited stubs loaded
with MEMS capacitors are connected to each end of a-long
series low-impedance line ( i ). The low -line (22 )
is selected to transform the port-2 impedance of 50into 10
seen at port 1, offering the synthesized impedances with the
presumed optimum load impedance (10). Here, the 22- line
is obtained with the inverted overlay CPW line [7] instead of
the conventional CPW lines since the lowest impedance achiev-
able from the latter is higher than the required impedance. To
synthesize the tuner impedances, the electrical-length-variable
stub lines loaded with the MEMS bridge capacitors in Fig. 1(a)
are employed. By switching on the MEMS capacitive switches
along the stubs, the shunt capacitance and thus the electrical
length of the line are increased, resulting in subsequent
impedance change. Switching the MEMS capacitors on one
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stub (stub A) of the tuner moves the impedance seen at port 1
in an orthogonal direction compared to the case of switching
the MEMS capacitors on the other stub (stub B). This is due to
the fact that the -long series line functions as a-inverter.
The orthogonality in the impedance change allows uniformly
distributed impedances in the tuning area.

In theOFFstate, the MEMS bridge is suspended in the air by
2 m over the stub lines. The size of the MEMS bridge plate
is 90 300 m and the width of the stub line is 300m.
For biasing each MEMS bridge capacitor, the spring beams of
each MEMS bridge and bias lines are connected to the isolated
MIM capacitors. Fig. 4(b) is the photograph of the fabricated
digital MEMS tuner in which six MEMS switches are inserted
into each short-circuited stub. The total chip size is 32 mm ,
including the dc bias network and pads for on-wafer measure-
ment. The electrical characteristics of the MEMS bridge capac-
itor in theON andOFFstates and discontinuities are analyzed by
EM software IE3D.

V. FABRICATION OF THE IMPEDANCE TUNER

The designed impedance tuners were fabricated on a
520- m-thick quartz substrate using the surface microma-
chining technology. The CPW lines, MIM capacitors, and
overhanging structures such as variable parallel-plate capaci-
tors and air bridges are formed using the gold electroplating
process and subsequent releasing technique.

First, titanium and gold layers are thermally evaporated on
the substrate as the seed layer for gold electroplating. Elec-
troplating mold (3.5-m thick) is patterned with photoresist,
through which the CPW transmission lines and bottom plates
of the parallel-plate capacitors are electroplated. After elec-
troplating of the first metal, a 0.2-m-thick dielectric (SiO)
layer is deposited for the insulating layer of the capacitors. The
photoresist sacrificial layer is spin-coated and patterned by UV
lithography. The patterned sacrificial layer is thermally cured
for reflowing the edge of the photoresist. By curing photoresist,
it is chemically stabilized and not affected by the next fabrica-
tion steps. Thanks to the shape of the reflowed sacrificial layer,
the top plate of the tunable capacitor shows the curved anchor
support, which also facilitates the subsequent electroplating
steps. Next, the seed layer is evaporated, followed by electro-
plating of the second metal layer with a thickness of 2m for
the top plates of the variable capacitors, MIM capacitors, and
air bridges. Finally, by removing the sacrificial layer using the
plasma ashing process, the overhanging structures suspended
over the bottom metal layer can be obtained.

VI. EXPERIMENTAL RESULTS

The measurement of the fabricated impedance tuners was per-
formed by on-wafer probing using an HP 8510C network ana-
lyzer. The measured constellation of the impedance points syn-
thesized by the analog fixed-frequency tuner is shown in Fig. 5.
The measurement frequency is 29 GHz. It can be seen that the
use of the micromachined tuner allows high values of the re-
flection coefficient to be synthesized over the first and second
quadrants of the Smith chart. Fig. 6 shows the measuredand

of the fixed-frequency tuner for various bias voltage states

Fig. 5. Measured constellation of the fixed-frequency tuner (frequency
= 29 GHz).

Fig. 6. MeasuredS andS of the fixed-frequency tuner for various bias
voltage states (frequency= 29GHz). Bias voltages of the two MEMS varactors
are 0, 15, 20, 25, 30 V.

(a)

(b)

Fig. 7. Measured constellation of the frequency-variable tuner: (a) before
frequency variation (frequency= 25 GHz) and (b) after frequency variation
(frequency= 23:5 GHz).

at 29 GHz. Bias voltages for each MEMS varactor were 0, 15,
20, 25, and 30 V.

The measured constellation of the impedance points synthe-
sized using the frequency-variable tuner is shown in Fig. 7. As
shown in the measured results of Fig. 7(a), the frequency tun-
able tuner operating at 25 GHz is capable of generating the im-
pedances in the second and third quadrants of the Smith chart,
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Fig. 8. MeasuredS andS of the frequency-variable tuner for various bias
voltage states (frequency= 24GHz). Bias voltages of six MEMS varactors are
between 0 and 40 V in 10-V steps.

which correspond to the optimum load range of the power tran-
sistors. To show the frequency variability, the values ofand

have been adjusted to shift the resonant frequency from 25 to
23.5 GHz. The constellation of the impedance points measured
at 23.5 GHz is shown in Fig. 7(b). The control voltages to each
MEMS varactor were linearly distributed from 0 to 40 V in 10-V
steps. An impedance range comparable to that at 25 GHz was
observed, demonstrating the frequency variability. However, the
measured results in Fig. 7 show nonuniformly distributed con-
stellation of the impedance points, which can be understood
from the fact that the capacitance of the MEMS varactor does
not vary linearly, resulting in uneven capacitance values under
even control bias applications. In addition, uniformity issues
during the fabrication of the MEMS varactors can also lead to
nonuniform constellations.

Fig. 8 shows the measured and of the frequency-
variable tuner for various bias voltage states at 24 GHz. Bias
voltages of six MEMS varactors are between 0 and 40 V in 10-V
steps.

Fig. 9 shows the measured reflection coefficient traces seen at
port 1 of the digital tuner according to each switching state of the
MEMS capacitors between 25 and 35 GHz. Initially, all MEMS
capacitors are in theOFF-state (A0B0). As the sixth MEMS ca-
pacitor on stub A is switched on (from A0 to A6 state), the elec-
trical length of the short-circuited stub A increases by up to 60
(at 30 GHz) at the A6 state. Here, A6 means that only the sixth
MEMS capacitor on stub A is switched on and the other MEMS
capacitors of both stubs A and B are in theOFF-state. The re-
sulting change in the reflection coefficient at 30 GHz is shown in
Fig. 9(a). Impedance traces moves outward from the A0B0 state,
making the radius of the circle larger. Fig. 9(b) shows the vari-
ation of the reflection coefficient traces according to switching
states from B0 to B6 of the MEMS capacitors on stub B. Con-
trary to Fig. 9(a), the impedance traces move inward from the
initial state (A0B0). The impedance points at a fixed frequency
move in the orthogonal direction in the case of switching MEMS
capacitors on stub A, as expected.

Fig. 10 shows the measured constellation (49 points) of im-
pedances synthesized by the digital MEMS tuner at 29, 30, and
32 GHz at which the tuned impedances are shown to cover the
general load-matching area of the RF power transistors. The
maximum VSWR achieved by this tuner was as high as 32.3

(a)

(b)

Fig. 9. Measured reflection coefficient traces of the digital MEMS tuner
according to switching states on: (a) stub A and (b) stub B between 25 and
35 GHz. Dark points are the impedance traces at 30 GHz.

at 30 GHz. Fig. 11 shows measured and of the digital
MEMS tuner for various switching states from A0B0 to A6B6
at 30 GHz. The switching voltage is 40 V. In order to verify
the usefulness of the digital MEMS tuners for power applica-
tions, the power characteristics of the MEMS switches used in
the digital tuner were also measured. Fig. 12 shows measured
output power versus the input power for the MEMS switch [see
Fig. 1(a)] under the “switch-off” state. The MEMS switch shows
good linearity up to an input power of 2.2 W at 2 GHz. Here, we
used a 2-GHz RF source instead of the-band source due to
the limited output power range of the latter (1 W). However,
the results should be very similar at higher frequencies.

In Table II, the measured VSWR data of the two types of
micromachined impedance tuners of this study are compared
with other reported tuner data using high electron-mobility tran-
sistor (HEMT) switches. It can be seen that the micromachined
impedance tuners exhibit a superior VSWR compared to that of
the conventional tuners using FETs, which is attributed to the
low-loss nature of the micromachined components. This clearly
shows the advantage of the micromachined tuners.
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(a) (b)

(c)

Fig. 10. Measured constellation (49 points) of the digital MEMS tuner at:
(a) 29, (b) 30, and (c) 32 GHz.

Fig. 11. MeasuredS and S of the digital MEMS tuner for various
switching states from A0B0 to A6B6 (frequency= 30 GHz). The switching
voltage is 40 V.

Fig. 12. Characteristics of the power capability of the MEMS switch [see
Fig. 1(a)] on the digital MEMS tuner. The measured frequency is 2 GHz.

TABLE II
COMPARISON OFMEASUREDVSWR WITH OTHER REPORTEDDATA

VII. CONCLUSION

In this paper, analog and digital impedance tuners are
designed and fabricated with micromachining techniques. The
analog impedance tuners used the resonant unit cell for wide
tuning ranges. Even with the limited capacitance variations
available from the micromachined tunable capacitors (30%),
a wide tuning range was achieved with the help of the resonant
unit cells. The narrow bandwidth of the resonant-type tuners
has also been alleviated by employing tunable unit cells realized
by artificial tunable inductors using -inverters and tunable
capacitors. Measured micromachined tuners showed a wide
tuning range equivalent to almost two quadrants with a high
maximum VSWR of 21.2 at 25 GHz.

The digital tuner has been proven to achieve a wide
impedance range in the general load-matching area of the RF
power transistors by using the switchable bridge-type MEMS
capacitors. The digital tuning approach allows immunity to bias
voltage fluctuations and enhances power handling capability.
In the digital MEMS tuner, switching the MEMS capacitors
changed the electrical length of the short-circuited stubs,
resulting in impedance variation. The measured constellation of
impedances synthesized by the digital MEMS tuner covered the
second quadrant on the Smith chart, the general load-matching
area of RF power transistors at 2932 GHz. A high maximum
VSWR of 32.3 was achieved at 30 GHz.

These VSWR numbers are far greater than those of the com-
parable tuners using HEMT devices. Micromachined tuners are
very promising for low-loss/high- tuning of the circuits, as
well as for accurate noise and power measurements at millimeter
waves.
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