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A Low-Loss Ka-Band Distributed Metal-Air-Metal MEMS Phase
Shifter

Abstract. A 4-bit wideband distributed phase shifter has been developed for Ka-band operation. The design results show that the digital shifter has
four basic phases of 11.25° 22.5° 45° 90° and thus 16 kinds of phase states can be constructed from the combination of them. The simulation
results also demonstrates that the insertion coefficient is better than -1.37 dB, the phase error is less than 3.983° at 30GHz, and the reflection
coefficient is lower than -10dB from 25GHz to 35GHz for each state. This low-loss distributed metal-air-metal MEMS phase shifter can be well
applied to phased arrays.

Streszczenie. W artykule opisano 4-bitowy szerokopasmowy przesuwnik fazy zaprojektowany do pasma Ka. Przesuwnik ma cztery Jgtéwne fazy:
11.25° 22.5° 45°, 90° i 16 kombinacji miedzy nimi. Btgd jest mniejszy niz 3.983° przy 30GHz. (Szerokopasmowy przesuwnik fazy na pasmo Ka

bazujacy na ukfadzie MEMS typu metal-powietrze —metal )
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Introduction

Over the past decades, RF micro-electromechanical
systems (MEMS) technology has offered solutions for the
implementation of novel components and systems.
Concepts of Radio Frequency (RF) MEMS have been
successfully applied to the development of low-loss RF
switching devices and variable capacitors [1-2]. Compared
with conventional switches, RF MEMS capacitive switches
have demonstrated many merits, such as lower loss, lower
power consumption and higher linearity [3-5]. Utilizing these
switches in multi-bit phase shifters can drastically reduce
loss and significantly reduce cost and weight for phased
array antennas where thousands of phase shifters are
mounted. Recently, researchers have reported several
ways to implement multi-bit phase shifters [6-8]. A 4.5-bit
distributed phase shifter based on MEMS switching devices
was implemented with low insertion loss [8]. With the
development of phased array antennas, higher performance
is required for phase shifters. RF MEMS technology is a key
approach for building low loss and size multi-bit phase
shifters.

Conventional MEMS distributed phase shifter consists of
a high impedance coplanar waveguide (CPW) transmission
line (t-line) periodically loaded by MEMS switches. In the
switch, MEMS bridge combining with central conductor
covered insulator of CPW produces a shunt variable metal-
insulator-metal (MIM) capacitor. By applying a control
voltage to change the height of the MEMS bridges, the
varactors introduce different phase velocities on the
transmission. While different phase velocities are able to
provide different phase differences. So we can see that the
accuracies of the control voltage and the height of bridge
have an impact on the performance of the phase shifter.

In this paper, a low-loss distributed MEMS 4-bit phase
shifter operating at 30 GHz is proposed. It is achieved by
loading two metals on sides of MEMS bridges of the CPW.
The metals combining with MEMS bridge and air make up
metal-air-metal (MAM) capacitors. MAM capacitors in series
with MIM capacitors composite shunt capacitors in the
equivalent circuit. When the MEMS bridges are in the down-
state position, the MAM capacitances are much smaller
than the MIM capacitances. In the series circuit, the MIM
capacitances can be ignored and the MAM capacitances
play an major role in the shunt capacitances. The MAM
capacitances are determined by acreage of the MAM, while
the shunt capacitances of conventional MEMS phase shift
are decided by the height of the bridges. The acreage of the

MAM is more easily to be adjusted and can be adjusted
more accurately than the height of the MAM. So this design
can realize the reduction of the loss and the assurance of
the stability. The phase shifter with MAM capacitors
proposed in this paper is better suited to Ka-band
applications than conventional phase shifters.

The remainder of the paper is organized as follows.
First, the principle and structure design for the unit cell of
MEMS phase shifter are described. Second, analysis and
simulation of the proposed 4-bit MEMS phase shifter are
presented. Finally, conclusions are drawn.
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Fig. 1. Geometry of the unit cell. (a) Side view. (b) Top view.

Principle and Unit Cell Structure Design

As shown in Fig. 1, a unit cell of the MEMS phase shifter
in this study includes a high-impedance CPW line loaded by
the capacitive placement of a series-connected MIM
capacitor and MAM capacitor. MAM capacitor is produced
by adding two metals in the gap between central conductor
and ground plane of the CPW. The capacitive placements
equal to periodic capacitors connection on the microstrip
transmission line (t-line) in parallel. There are two states of
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the phase shifter: up and down. Up is the original height of
the MEMS bridge while down is the state that the bridge is
actuated. The two states make the phase velocity changes,
thus providing a differential phase shift.

Coplanar waveguide (CPW) line periodically loaded by
MIM capacitors and MAM capacitors is equivalent to add
capacitive loads in the structure. It will come into being the
result that the characteristic impedance is reduced. In order
to reduce the reflection loss caused by impedance
mismatching, the central conductor of CPW is narrowed at
the place where the MEMS bridges are loaded (see Figure
1 (b)). It is equivalent to add series inductances and shunt
capacitors [9, 10]. The shunt capacitors are small relative to
the capacitors of the MIM and MAM, so it can be ignored in
the following analysis.
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Fig. 2. Lumped model of a unit cell of the phase shifter with MEMS
bridge and series MAM capacitors.

The unit cell of a CPW t-line with MEMS bridge and
series MAM capacitors can be approximated as the lumped
model, which is shown in Fig. 2. In this circuit, L1 consists of
two parts of L; and L', where L; and C; are the inductance
and capacitance of the t-line, respectively. L' is the
inductance produced by the narrowed central conductor of
CPW. C; and L; can be achieved by follows [11]:

(1) Ci=1\& e /CZ,

2) L =Cz/’

L'is given by [9]

@) L'=W+2G)L, /4a

where, c=3x108 m/s is the speed of light in free space, Zp
and &0 is the characteristic impedance and effective
dielectric constant of the unloaded CPW t-line, respectively.
And & ¢f is obtained by

(4) & = (&, +1)/2

where, ¢, is the relative dielectric constant of substrate. In
(3), W is the width of the central conductor of CPW. G is the
width of the gap between central conductor and ground
plane of the CPW. a is the width of narrowed central
conductor (see Fig. 1).

To avoid the MEMS switch getting connect with the
CPW line when a bias voltage is applied, deposit a thin
layer of insulator SisN, (the relative dielectric constant ¢; =7,
the thickness £=0.3um). Thus form a MIM capacitor of the
MEMS bridge.

When the MEMS bridge is in the up-state position or in
the down-state position, the MIM capacitance s
represented by Cp, or Cps. MIM capacitor is able to be
approximated as a plate capacitor. So Cp, and Cypq are given
by the following

h t

(5) C,.=1/( + ' )
’ EoPm €0 Am

and

h, t

(6) C..=1/ + i
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)

gogiAMlM

where h and hy are the distance between the MEMS bridge
and insulator SisNs when the bridge is in the up-state and
down-state position, ¢; is the thickness of SisN4 as shown in
Fig. 1(a). £=8.854x10""? F/m is the dielectric constant of air,
&i is the relative dielectric constant of SisNs And Ay is the
acreage of the MIM capacitor.

As mentioned previously that metals of MAM capacitor
are located on the both sides of MEMS bridge, the height of
MAM capacitor is almost the same when the MEMS bridge
in the down-state position comparing to that in the up-state
position. And MAM capacitance can also be approximated
as the capacitance of a plate capacitor, which is

1
represented by ECS .

lC _ & Am
2 7 hit
where Auanis the acreage of the MAM capacitor.

In the unit cell, the capacitances of the MEMS switch in
the up-state and down-state position are C, and Cg,
respectively. And they are the series of the MIM capacitor
and MAM capacitor, as presented in Fig. 2.

(7)

Cstu
(8) s
C.+C,
and
(9) Cd — Cstd
C,+C,

In general, Cp,<<Cs and Cps=>>Cs. So, we respectively
have C,= Cp,and Cy= Cs. For a Ka-band design, Cy, is
around 20-50fF and Cpq is about 1-3pF.

Based on the above capacitance and inductance
formulas, the following expressions can be solved to
develop closed-form design equations for the phase shifter
[11, 12].

The loaded t-line impedance Z, (up-state position) and
Z, (down-state position) respectively are

(10) 7

2
= L\/l—‘”—sg(sq +C,)
sC, +C, 4

(11)

d =

sL ®’
—1\/1 ——sL,(sC, +C,)
sC, +C, 4
where s is the spacing between each unit cell.

Then the phase shift can be determined by

OLo\Eer 11
Mp=—" (=)

(12)

Table 1. Unit cell parameters.
Parameters

Length [um]
60
60
500
0.8
1.2
40
400
40
48
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The design starts with the closed-form expressions for
the phase shifter given above. For Ka-band, the dimensions
of the wunit cell of CPW tline are chose to be
300umx570umx510um, on a silicon substrate (the dielectric
constant & =11.9). The structural parameters of MEMS
switch are listed in Table 1. The height of MEMS switch in
the down-state position is hy=0.4pm.

Fig. 3. Structure of the central conductor of CPW at the place
where load the MEMS bridges.

Fig. 4. Structure of the fringe of the ground plane of CPW.

As Fig. 3 shows, to counteract the transition of the
impedance aroused by the capacitors, make the central
conductor of CPW narrow at the place where load the
MEMS bridges [9, 10].

In general, the fringes of ground planes of CPW are
rectangular, which cause the signal of both ends of CPW t-
line suddenly cut off. It easily forms reflection. With the
increase of the bit of phase shifter, the reflection loss will be
produced more. So in this design, to reduce the reflection
loss, the fringes of ground planes of CPW narrow gradually
as shown in Fig. 4.

45°-bit  22.5°bit 11.25%bit
4 switches 2 switches 1 switch

90°-bit
8 switches

Fig. 5. 4-bit distributed MAM MEMS phase shifter.

4-Bit MAM MEMS Phase Shifter Design

Based on the analysis of unit cell, the final 4-bit MAM
MEMS phase shifter is designed and simulated by Ansoft
HFSS software. Fig. 5 shows the model of the 4-bit
distributed MEMS Phase Shifter, which consists of 15
MEMS switches. Divide the switches into four groups with
respectively 1, 2, 4 and 8 switches. According to apply bias
voltage to control the switches in the up-state or down-
state, they will form four basic phase of 11.25° 22.5° 45°
90° and the 16 kinds of phases are constructed from them.

The dimension of 4-bit distributed MAM MEMS phase
shifter is 8.40mmx11.60mmx0.51mm. The simulation
results are shown in Fig. 6, 7 and 8, where Fig. 6 and 7

shows the insertion loss and reflection loss of the 4-bit
phase shifter at each phase state, Fig. 8 illustrates the
frequency-dependent phase shift for all 16 switching states
from 25GHz to 35GHz.
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Fig. 6. Simulation results of insertion coefficient for 16 phase
states. (a) Phase states of 0°-78.75°. (b) Phase states of 90°-
168.75°.
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Fig. 7. Simulation results of reflection coefficient for 16 phase
states. (a) Phase states of 0°-78.75°. (b) Phase states of 90°-
168.75°.

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 89 NR 7/2013 79



o

Phase Shift (deg)
o S N
o o o
T

©
=3

100

| |
25 27 29 31 33 35
Frequency (GHz)

(a)

.......... ——168.75
~~~~~~~~ 157.5
............... 146.25
"""" 135
e 123.75
112.5
101.25
920

Phase Shift (deg)

25 27 29 31 33 35
Frequency (GHz)

(b)
Fig. 8. Simulation results of phase shift at 30 GHz for 16 phase
states. (a) Phase shift 0° -78.75°. (b) Phase shift 90° -168.75°.

Table 2. Phase shift of 4-bit MAM MEMS phase shifter at 30GHz

Phase State Simulation Phase Error

0° 0.26° +0.26°
11.25° 12.278° +1.028°
22.5° 24.917° +2.417°
33.75° 35.223° +1.473°
45° 46.947° +1.947°
56.25° 56.042° -0.208°
67.5° 70.342° +2.758°
78.75° 77.613° -1.137°
90° 92.567° +2.567°
101.25° 105.233° +3.983°
112.5° 117.857° +5.357°
123.75° 125.908° +2.158°
135° 138.225° +3.225°
146.25° 143.486° -2.764°
157.5° 160.898° +3.398°
168.75° 165.937° -2.813°

As shown in these figures, for all switching states, the
insertion coefficient is better than -1.37dB at 30GHz, the
reflection coefficient is lower than -10dB at the frequency
from 25GHz to 35GHz. Besides conductive loss, the
inconsistency in periodically loads of MEMS bridges and
MAM capacitors will generate the phase error and
deteriorate loss and matching performance. Simulation
shows it will shift phase from 0° to 168.75° with 11.25°
phase step at 30 GHz and the biggest error of phase is
3.983° corresponding to an error ratio of 3.93%. Detailed
phase shift data is listed in Table 2.

Conclusion

Based on MEMS technology, this paper presents a 4-bit
distributed phase shifter using MAM capacitors on CPW t-
line. On the basis of the unit cell analysis, a compact 4-bit
phase shifter of 11.25° 22.5° 45° 90° are designed.
Results show that the phase shifter proposed in this paper
has lower loss and high accuracy at 30 GHz. It is suitable
for the applications of phase arrays.
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