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Abstract- This work reports on a miniature distributed
microelectromechanical system (MEMS) phase shifter using both
tunable capacitors and inductors. Compared to the conventional
distributed MEMS phase shifters with only tunable capacitors,
the proposed MEMS phase shifter has one more design
parameter (tunable inductor value) to realize high return loss of
more than 26 dB at all states, large phase shift of 37.5°/mm per
unit length, and large phase shift per decibel of 180°/dB at 15
GHz. A one proof-of-concept 1 bit phase shifter is fabricated and
characterized. The measured results of the phase shifter are in
good agreement with measurements.

[. INTRODUCTION

Advances in software defined radio and cognitive radio
demand reconfigurable RF front-end components to support
different frequencies and communication standards. Such
systems can offer smaller size at a lower cost compared to
conventional single-frequency radios. As a main component of
phased-array antennas, microwave and millimeter-wave phase
shifters are required to be low loss, widely tunable
(broadband), low power, small size, and fast. In addition,
phase shifters are required to handle high RF powers when
used in the transmit channels or in radars for beam-forming
applications.

RF MEMS switches have been extensively used in the
design of microwave and mm-wave phase shifters, as they
offer several advantages, such as low power consumption and
high linearity, compared to traditional p-i-n diodes and field
effect transistor (FET) switches [1]. There are mainly four
kinds of MEMS shifters: reflect-line, switched-line, loaded
line and distributed MEMS transmission line (DMTL). Due to
the true-time-delay (TTD) (i.e., linear phase versus frequency)
and broad-band operation properties, many papers on the
DMTL [1]-[4] have been published since it was proposed by
Barker and Rebeiz [2]. The DMTL usually consists of a high-
impedance coplanar waveguide (CPW) transmission line that
is periodically loaded by MEMS switches as shown in Fig. 1
(a). Fig. 1 (b) shows the equivalent circuit of the DMTL unit.

The MEMS switches are used to increase the loading
capacitance in the down state, which realizes a differential
phase shift with respect to the phase in the up state. The phase
constant  and characteristic impedance in the down state of
the MEMS switch are calculated as
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where s is the length of the phase shifter unit, Z; and C, are per
unit inductance and capacitance of the unloaded line.
Cwmems_down 18 the value of the MEMS switch at the down state,
defined by the thickness of the dielectric layer and overlap
area of the electrodes.

Equation (1) indicates that to get a larger phase shift per
unit (i.e., larger f), one should increase the value of
CMems _down, Which results in a lower impedance Zyoyy and thus
deteriorated matching condition. Therefore, the conventional
DMTL cannot realize large phase shift and good matching,
simultaneously. To overcome this limitation of conventional
DMTL that usually includes only tunable capacitors, a phase
shifter with both tunable inductors and capacitors is proposed.
When increasing Cyvpms down t0 Obtain a large phase shift, the
value of tunable inductor is also increased, keeping Zy,wn
matched to the port impedance while further increasing the
phase shift.
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Fig. 1. (a) Structure and (b) lumped model of a conventional DMTL phase
shifter. The value of L, can be made tunable to keep the impedance matched
when the capacitor is tuned.

II. SLOW-WAVE DISTRIBUTED MEMS PHASE SHIFTERS
DESIGN PROCEDURE AND FABRICATION

A. Design procedure
Fig. 2 (a) shows the unit structure of proposed DMTL phase
shifter, which consists of two series ohmic-contact and one



shunt capacitive MEMS switches and two metal-air-metal
(MAM) capacitors. In the normal state (large propagation
velocity state), the series switches are pulled in, while the
shunt switch is not activated. The series switch is modeled as a
section of a low-impedance transmission line as shown in Fig.
2 (b). The characteristic impedance of the loaded line for this
state is designed to be 50 Q. In the slow-wave state (small
propagation velocity state), the series switches are not
activated, while the shunt switch is pulled in. When the series
switch is off, the narrow, high-impedance transmission line is
molded as a series inductor Ly2 (Fig 2. (c)). As the series
inductance and shunt capacitance are simultaneously
increased, the characteristic impedance of the phase shifter for
this state is maintained matched to 50 Q (the termination
impedance).
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Fig. 2. The (a) structure, and (b) lumped model in the normal state and (c)
in the slow-wave state for the presented DMTL phase shifter.

Fig. 3 (a) and (b) show the structures of series and shunt
switches. The COMSOL simulation results show that the pull-

in voltages for the series switch and shunt switch are 17.5 V
and 33.5 V, respectively, assuming an initial air gap of 1.8 um.

(b)
Fig. 3. The (a) structure of the series and (b) shunt switches.

B. Fabrication process

The phase shifter is fabricated on a 500 um thick quartz
substrate (¢=3.8, tan 6=0.00002 at 10 KHz). Table I(i)—(vi)
shows the surface micromachining fabrication process flow. (i)
The process begins with 1200 A thick TiN resistive layer
deposition by sputtering and patterning by lift-off to form the
bias lines. (ii) The next step is the evaporation of a 200 A
/5000 A thick Cr/Au layer, which is patterned by lift-off to
form the MEMS switch bottom electrode and the phase shifter
first gold layer. (iii) A 1500 A thick Si3N4 layer is coated
using plasma enhanced chemical vapor deposition technique
(PECVD) and patterned using the reactive ion etching (RIE)
technique to form the dielectric layer. (iv) Next, a sacrificial
layer (PMMA) with a thickness of 1.6 um is deposited and
patterned using RIE technique with evaporated Cr (1000 A) as
a mask layer. (v) A seed Cr/Au layer (200 A /1000 A) is
evaporated and 2 pum Au is electroplated to form the
cantilevers, bridges and the phase shifter top metal. (vi) The
sacrificial layer is wet released and dried in a critical point
dryer. Fig. 4 shows the scanning electron microscope (SEM)
photograph of one unit cell of phase shifter fabricated using
the process flow described in Section II.

TABLEI
FABRICATION PROCESS OF THE PHASE SHIFTER

(ii) Lift-off pattern Cr/Au bottom
electrode

(i) Deposit and pattern TiN on a
silica wafer

el

(iii) Deposit PECVD silicon nitride
and pattern with RIE

(iv) Sacrificial layer deposition and
patterning with RIE

Last

(vi) Etch sacrificial layer and release

(v) Electroplate Au
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Fig. 4. The SEM images of (a) one-unit cell of the phase-shifter structure
and (b) detailed view of the anchor region of the shunt switch.

III. RESULTS
A. 1 unit phase shifter performance

On-wafer measurements are carried out using N5214A
Agilent PNA-X network analyzer and Cascade Microtech
GSG ACP-probes. A thru-reflect-line (TRL) calibration was
performed prior to measurements and bias tees were used to
protect the PNA. DC bias was applied using DC probes to the
TiN bias lines.

The S-parameters of the unit cell of the phase shifter (one
bit) with maximum phase shift of 24.5° are shown in Fig. 5 for
the normal and the slow-wave states. It can be observed that
both states have a return loss of better than 20 dB, with a
worst-case insertion loss of 0.5 dB at 15 GHz. The actual up
state capacitance value of shunt switch is increased because of
the reduced air gap after release. While the actual downstate
capacitance value of shunt switch is lower than the simulated
value due to the increased actual dielectric layer thickness and
the bridge surface roughness. It reduces unit cell phase shift
performance of the measured phase shifter to 15.5° as
compared to design value of 24.5° for the phase shifter at 15

GHz. The simulated response with measured nitride thickness
of 0.27 um and assumed air gap of 1.2 um is also overlaid in
Fig. 5 for comparison. Note that the measured PMMA
thickness is ~1.6um. After release, the air gap may be reduced.
The value of 1.2 um provides the best fit to measured results.
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Fig. 5. S-parameters for (a) normal state and (b) slow-wave state and (c) phase
shift of the 1-section 22.5° DMTL phase shifter.

B.  Two-bit 12 units phase shifter performance

Fig. 6(a) shows the layout of a 2-bit 12-section 270° DMTL
phase shifter for Ku-band (f;=15 GHz) applications. The S-
parameters and phase shift of the device at different stated of
the series and shunt switches are shown in Figs. 6 (b) and (c).
Depending on the state of the switches, discrete phase shifts of
90°, 180°, and 270° are achieved at 15 GHz. As shown, by
utilizing both tunable inductors and capacitors, the return loss
is better than 26 dB for all states and the worst case insertion
loss is 1.5 dB

Table II compares the performance specifications of the
proposed phase shifter with reported phase shifters in a similar
frequency range. As shown, the proposed phase shifter
compares well or even outperforms the reported phase shifters
in terms of return loss performance and unit size.
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Fig. 5. (a) Layout of the 2-bit 12-section 270° DMTL phase shifter. (b) S-
parameters and (c) phase shift for all states.

TABLE II

PERFORMANCE COMPARISONS OF THE PROPOSED DMTL PHASE SHIFTERS
WITH OTHER MEMS PHASE SHIFTERS IN A SIMILAR FREQUENCY RANGE

T-MTT [3] T-MTT [4] This paper
Center frequency (GHz) 13.6 30 15
Return loss (dB) >12.5 >25 >25.6
Insertion loss (dB) 0.9-1.6 0.75-1.15 0.66-1.47
Phase shift range (°) 0-270 0-225 0-270
Phase shift/unit (°) 12.8 22.5 22.5
Unit length (um) 1150 460 600
Substrate Quartz Quartz Quartz

IV. CONCLUSION

A new miniature distributed MEMS phase shifter was
introduced. The design takes advantage of both tunable
capacitors and tunable inductors to realize large phase shift per
unit without deteriorating the matching condition. Simulated
and measured results of proof-of-concept devices were in
good reasonable. The same concept can be applied to
implement high-performance and high power handling phase
shifters using phase change RF switches such as those
demonstrated in [5].
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