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Abstract: A two-bit phase shifter with distributed microelectromechanical system (MEMS) transmission line
(DMTL) is developed, and a novel structure which be actuated by coplanar waveguide transmission line (CPW -ac—
tuation structure) is proposed, which can reduce the actuation voltage significantly. T he measured result, with actu—
ation voltage less than 20V, 0°/20. 1°/41. 9°/68. 2° phase shift and — 1. 2dB insert loss at 20GHz, is demonstrated,
and insertion loss/return loss is better than — 1. 8dB/= 11dB from DC to 32GHz. The experimental results high—

light the potential of a low Hoss and broadband digital MEMS phase shifter on a high-permittivity substrate.
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1 Introduction

Microwave and millimeter-wave phase shifters
are essential components in radar system, wireless,
and satellite broadband communication network.
Traditional phase shifters are generally built on
GaAs substrate and use MESFET “s, pHEMT s, or
p-in diode as switch. But relative high insertion
loss is the main drawback of the traditional phase
shifters, and decreasing the loss can drastically re-
duce the cost and weight of wireless system. Fortu—
nately, RF MEMS technology provides a possibe
solution for this. A lot of papers about MEMS
phase shifter with the operating band up to
100GHz were published in last 5 years. The main
tvpes include switched line. reflectdine. and DMTL
phase shifter. The DM TL phase shifter draws more
and more attentions because of low insertion loss,
low power dissipation, and broadband characteris-

tic.

The DMTL phase shifter consists of a high
impedance line that is loaded periodically with the
MEMS bridges, which act as varactors. MEMS ca-
pacitance is varied by using an actuation voltage to
vary the bridge height of the MEMS, thus changing
distributed loading and further the impedance of
transmission line. By changing transmission line
impedances, phase velocity changes which results
in a phase shift.

The DMTL phase shifter was first done in U-

I'I_ It

niversity of Michigan by Barker and Rebeiz
was an analog phase shifter. A coplanar waveguide
(CPW) transmission line fabricated on a 500um
quartz substrate with fixedfixed beam MEMS
bridge capacitors placed periodically over the trans-
mission line. The phase shift is — 2dB loss/118° at
60GHz and — 1. 8dB loss/84° at 40GHz. Borgioli et
al."" firstly presented 1bit digital DMTL phase
shifter. The phase shifter consists of a 8. 58mm-
long coplanar waveguide transmission line on

quartz substrate, loaded periodically with 11 shunt
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MEMS capacitors. The spacing between the
MEMS capacitors is 780um. To reduce the down-
state capacitances value, MEMS bridge and fixed
MIM capacitor series configuration are adopted. In
75V bias voltages, the phase shift is 180° at 25GHz
and 270° at 35GHz. The insertion loss is less than
— 1. 17dB at 25GHz and — 1.69dB at 35GHz. T he
return loss is better than — 11dB over a DC—o-
35GHz for up and down-state.

A 2bit DC40-32GHz DM TL phase shifter was
prepared on high-resistivity silicon substrate in this
paper, and a novel CPW -actuation configuration is
proposed for the first time to reduce the actuation

voltage.

2 Design of MEMS phase shifter

The schematic structure and the lumped-ele—
ment circuit model of the DMTL phase shifter are
shown in Fig. . The operating frequency of DMTL

phase shifter depends on the Bragg frequency. In
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Fig. 1 DMTL phase shifter (a) Schematic structure;
(b) Lumped-element circuit model

order to operate up to 30GHz, the Bragg frequency

must be designed over 60GHz'". The Bragg fre—

quency is decided by'":

f Bragg = 1

f
s [L(Co+ Cn/s)
where s is periodic spacing of the MEMS bridges,

(1)

Liand Ci are respectively the inductance and capac—
itance in per unit-ength of the unloaded CPW line.

They are given by
—
S P
C = 7o dnd L= CZy (2)

where €ir and Zo are the effective permittivity con-
stant and impedance of unloaded CPW line, ¢ is the
free-space velocity.

Substituting formula (2) to (1), we obtain:

I ‘ (3)

TTs \"I E.{r/ t:3 + \"IE.-rrChZ{]/ cs

From formula (3), the periodic spacing and
loaded capacitance should be reduced to make the
Bragg frequency higher, and the -characteristic
impedance of DMTL must be close to 50Q to re—
duce the return loss.

[n our instance, the range of the characteristic
impedances is chosen to be from 40 to 59Q. T here-
fore, the impedance of unloaded CPW line is de-
signed as 62Q (w = 30um, gap= 40pm) . T he peri-
odic spacing is 500um. T he maximal loaded capaci-
tance is derived to be 145fF from formula (3).

The impedance of loaded CPW line is given
by:

Ny (4)

The impedance of loaded CPW line is designed

ZI=

to be 40Q; from formula (4). the down-state capac-
itance of MEMS bridge is derived to be 8O0fF. A
narrow center conductor of CPW transmission line
is designed to get such a tiny down-state capaci-
tance, which leads to very high actuation voltage. A
CPW -actuation configuration is proposed to reduce
the actuation voltage. The configuration is shown
in Fig. 2(a). Actuation voltage was applied be-
tween the membrane and CPW transmission line.
The actuation voltage decreases significantly since
the actuation area is increased and the loaded ca-
pacitance decreases significantly. The actuation
voltage is given by'”:

| 8k 3
Vo= 276 Waw go ()

where k is the effective spring constant of the
membrane, W is actuation area in center, w is the
membrane width, e is the permittivity of free
space, and go is the gap height.

The equivalent circuit of unit cell of phase
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Fig. 2

ventional configuration

(a) CPW-actuation configuration: (b) Con-

shifter is shown in Fig. 3. The series Cent and Cx act
as the loaded capacitance Ci. Ceent is the capacitance
between bridge and central conductor of CPW
transmission line, while Cg is capacitance between
bridge and ground plane of CPW transmission line.

Cy is derived by:

Cﬂ ||th
Ch - 2 Cu1ll + ZCg (6]

J

Fig. 3 Equivalent circuit model of unit cell

Accordingly, the bridges are designed to be
50pum wide, 360um long and suspended at a height
of 3um above the substrate. Theoretic calculation
and simulation by Anilent ADS show that 2bit
phase shifter have 0°/22.5°/45°/67.5° phase shift
at 15GHz.

The biasing of each bit is achieved using a sin—
gle high-resistance line of 15um width, which is at—
tached to one of the bridges in each bit, and all oth-
er bridges in the same bit are linked together using

meandering high-resistance lines (see Fig. 4).

Fig. 4 SEM photograph of the fabricated 2bit
MEMS phase shifter

3 Fabrication

The 2bit phase shifter is fabricated on a
350pum thick silicon substrate (&= 11.9, tand=
0. 005, resistivity = 4000Q * em). The fabrication
process is shown in Fig. 5. A lpym-hick insulating
thermal oxide using as a buffer layer is grown on
the substrate. Lift-off process is used to define a

Cr/Au CPW transmission lines with a thickness of

b
i
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Fig. 5
MEMS phase shifter

Details of the fabrication process for the

lpm. A Si02/SisN4/SiO2 layer (100/50/100nm) are
grown and patterned on the top of CPW line to
form the dielectric layer under bridge. A 4um-thick
layer of aluminum alloy is evaporated and pat—
terned to define the bias lines and the mechanical
support posts for the switch. A 3um-thick polymer
sacrificial layer is spinning coated and patterned.
An aluminum membrane layer less than 0.5um
thick is deposited and patterned to define the
switch membrane. T he sacrificial layer is removed
by plasma ashing to release the membrane. T he
SEM photograph of the fabricated 2bit MEMS

phase shifter is shown in Fig. 4.
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The DMTL phase shifter is measured using an sof - o
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HP8510C network analyzer and a SUMMIT 10000 é _.-"-..“..-".. A
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probe station. A line—reflect-match (LRM) calibra— F gieeeret

tion was performed using on-wafer standard. The
two-port s—parameters of the circuit were recorded
up to 36GHz. The pull-down voltage of MEMS
switch was measured to be 15V. 20V bias voltage
was adopted in our measurement.

The differential phase shift as a function of
frequency for all the four switching states is illus-
trated in Fig. 6(a). It is seen the phase shift in—
creases linearly with frequency up to 32GHz. The
evident non-inearity appears at frequency above
32GHz. The measured phase shift is shown in
Table 1.1t is seen the results are less than the de-
signed phase shift. It is proposed that the bridges
can not contact the underneath dielectric layer
completely because the gap between the ground of
CPW and the anchor of bridges is too short. For
this reason, the down-state capacitance is less than

the designed one.

Table 1 Phase shift of two-bit phase shilter at 15GHz
and 20GHz

Frequeney 15GHz 20GHz
Designed |0°] 22.5% | 45.0° | 67.5° |07 28" | 547 82°
Measured |07 11.6" | 32.6° | 48.57 107 20.1° | 41.9° | 68.2°
Phase error |07 10.9" | 12.4° | 19 |0°] 7.9" | 12.1° | 13.8"

The change of insert loss to frequency is
shown in Fig. 6(b). Insertion loss increases quickly
with frequency over 32GHz and is less than
— 1. 8dB in 0~ 32GHz. The return loss is shown in
Fig. 6(c) and less than = 1. 1dB in O~ 32GHz. The
ripple in insertion loss can be explained by the in-

evitable nonuniformities of the load capacitance C.

5 Conclusion

The CPW-actuation configuration was pro-—
posed for the first time in the distributed MEMS

transmission line (DM TL) phase shifter. The bias

Insertion loss/dB
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Fig. 6 Measured results of 2bit DMTL phase

shifter in all states (a) Phase shift; (b) Insertion

loss: (e) Return loss

voltage is less than 20V. A phase shift of 68.2°
with an insertion loss less than — 1.2dB at 20GHz
is demonstrated. In next work, the match between
different bits will be considered to reduce the re—
turn loss and increase the phase shift of unit cell;
the width of central conductor of CPW line will be

increased to reduce the insertion loss.
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