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Abstract: This paper investigates a new concept of waveguide-based W-band phase shifters for applications in
phased array antennas. The phase-shifters are based on a tuneable bilateral finline bandpass filter with 22 MEMS
(microelectromechanical system) switching elements, integrated into a custom-made WR-12 waveguide with a
replaceable section, whose performance is also investigated in this paper. The individual phase states are selected by
changing the configuration of the switches bridging the finline slot in specific positions; this leads to 4 discrete phase
states with an insertion loss predicted by simulations better than 1 dB, and a phase shift span of about 270°. MEMS
chips have been fabricated in fixed positions, on a pair of bonded 300 pm high resistivity silicon substrates, to prove
the principle, i.e. they are not fully functional but contain all actuation and biasing-line elements. The measured
phase states are 0°, 56°, 189°, and 256°, resulting in an effective bit resolution of 1.78 bits of this nominal 2-bit
phase-shifter at 77 GHz. The measured insertion loss was significantly higher than the simulated value which is
assumed to be attributed to narrow-band design of the devices as the influence of fabrication and assembly tolerances
is shown to be negligible from the measurement results.
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I. INTRODUCTION

Radio frequency microelectromechanical system (RF MEMS) switches and tuneable capacitors are the principal
components of most RF MEMS circuits and devices, including phase shifters [1]-[7], for instance for beam steering
applications [8]-[11].

Exceptionally low insertion loss, high signal linearity, high isolation, large bandwidth, and nearly zero bias current
consumption of electrostatic RF MEMS switches, high tuning range, low series resistance and high linearity of
mechanically tuneable capacitors are the advantages of these components as compared to their semiconductor
equivalents. As their semiconductor counterparts, they can be fabricated by high-volume semiconductor
manufacturing methods, resulting in high product uniformity, potentially very low cost, and the possibility of
integration with semiconductor components and systems. However, they suffer from reliability issues at high power
levels, low switching or actuation speed, low power handling capabilities or limited hot switching in high power
applications. Furthermore, many RF MEMS devices require complex fabrication and integration processes in non-
standardized process flows [12], [13].

The phase shifting devices in modern phased array antenna systems are typically digital phase shifters, i.e. the
device can switch between predefined fixed phase states. For some applications, switching technology based on
MEMS has become a promising solution due to advantages of MEMS as compared to solid-state alternatives [14].

Air-filled metal waveguides are superior to transmission lines in terms of loss and power handling. Historically,
ferrite phase shifter has been the dominant technology for millimetre-wave waveguide phase shifter. For instance a
ferrite-based dual-mode phase shifter in [15] shows insertion loss of 1.6 dB at 60 GHz for the latching phase shift of
363° with switching power of 4.5 mW. Other technologies have been utilized to improve the characteristics of
millimetre-wave phase shifters in the recent decade. In [16], a waveguide phase shifter using tuneable
electromagnetic crystal (EMXT) sidewalls was reported with a phase shift of 360° and an insertion loss of less than 2
dB at 38 GHz. A magnetic field tuneable dielectric phase shifter with maximum phase shift of 60° at a magnetic field
strength of 255000 A/m and an insertion loss of better than 4 dB at 80 GHz was demonstrated in [17]. Three different
liquid crystals are utilized in [18] to build W-band passive phase shifters with maximum phase shift between 175°

and 500°, and insertion loss between 7.2 dB and 13.5 dB at 94 GHz. So far MEMS phase shifters have been designed



mainly for transmission lines [19]-[21]. To our best knowledge, there has only been one attempt by another research
group to study waveguide-based MEMS phase shifters [22]. A single ridge transmission type phase shifter with
integrated MEMS actuators in [22] has achieved a phase shift of 70° and an insertion loss of 3.6 dB at 98.4 GHz, and
a triple ridge transmission type phase shifter has achieved a phase shift of 134° and an insertion loss of 2.4 dB at 92.8
GHz..

One of the promising topologies for electronically-tuneable waveguide-based phase shifters consists of finline
filters integrated into precision-machined waveguides [23]. Waveguide finline filters are characterized by low
insertion loss and high Q factor, and they are easily to be integrated in millimetre-wave systems. They are also
eligible to form compact and light-weight millimetre wave components, e.g. [24], [25].

A major practical obstacle of millimetre-wave systems based on waveguides with integrated MEMS chips is the
reliable, reproducible and low-loss assembly of the micromachined MEMS chips into the conventionally machined
waveguides. The assembly solution needs to provide a stable chip fixture for mechanical reliability and
reproducibility of the measurement without leaving any air-gap between the chip and the waveguide wall which
contributes to loss and often introduces spurious resonances. A few methods have been reported to integrate MEMS
chips into rectangular waveguides including assembling the MEMS devices directly into the waveguide without any
interposer layer [26],[27] and with copper foil pads as interposer layer [22], using screws to connect the hard-wired
MEMS devices and the waveguide [28], and using conductive epoxy to attach the MEMS membrane to the
waveguide wall [29]. Furthermore, conductive adhesive polymer sheets are reported to be used to electrically connect
and mechanically fixate MEMS tuneable W-band high-impedance surfaces [30] and a V-band MEMS reconfigurable
surface [31] to rectangular waveguides.

This paper presents a novel design of MEMS-based switchable finline filters integrated into WR-12 waveguides
operating at 77 GHz. The numerical model described here takes into account all technological constraints (including
biasing) and material properties. The proposed finline filter exhibits a nearly 2-bit phase resolution (four phase states)
with relatively low insertion loss. Furthermore, in order to provide the possibility of low-loss reliable measurements,
a tailor-made waveguide section with a removable cap and recesses for chip fixture is utilized.

The proposed MEMS-based finline phase shifters are intended to be used as unit-cells to implement a waveguide-
based phased array antenna, as shown in Fig. 1, similar to transmit-array antenna concept [32]-[34].

The concept of a finline MEMS-based phase shifter model is introduced in Section II. In Section III the MEMS



design of the cantilever switches is presented and in Section IV the theoretical phase shifter performance and
prototyping of chips to achieve the desired phase states are discussed. An overview of the fabrication process is given
in Section V, and the measurement setup and characterization results of prototyped devices are discussed in Section

VI. Conclusions are drawn in Section VII.
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Fig. 1. Transmit-array based on proposed finline MEMS-based phase shifter elements.

II. CONCEPT OF FINLINE MEMS-BASED PHASE SHIFTER
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Fig. 2. Finline MEMS-based phase shifter:((ca)) Schematic view of the (fflir)lline chip integrated into WR-12 waveguide
(3D cross-section view). (b) Side view of one fin with MEMS and comb-like fixed fin slot pattern (ground layer). (¢)
Cantilever beam in the open state. (d) Cantilever contact in the closed state.

In finline filters, the metallic finline elements can be placed on one side (unilateral finline) or on both sides of the
dielectric substrate (bilateral finline) [35]. A bilateral finline structure integrated along the longitudinal direction of a
WR-12 (3.099 mm x 1.549 mm) waveguide made in copper has been used here. The schematic model is represented
in Fig. 2, showing the micromachined chip integrated in a waveguide section. The microchips are penetrating
through a top and a bottom slot in the waveguide, in order to route the biasing lines of the MEMS cantilevers out of
the waveguide. Taking the biasing lines into account is important for any MEMS array device, as the routing of the
biasing lines often interferes with RF performance. The phase shifter chips are designed in an X-shape form, as
shown in Fig. 2a, which reduces the slot length in the waveguide top and bottom faces, thus keeping the radiation
loss and the disturbance of the currents in these waveguide faces at a minimum.

A longitudinal slot (20 pm wide) is patterned in the middle of each fin, as shown in Fig. 2b. 11 MEMS bridges
are placed across each fin slot, acting as switches which can short-circuit the slot to influence the wave propagation.

In total, this finline phase shifter consists of 22 MEMS cantilever switches. The phase of the wave transmitted from

port 1 to port 2 is controlled by a suitable combination of open and closed states of the individual cantilevers. The



distance between the cantilever plate and the electrode is 2.0 um and 0.8 pum in the “open” and “closed” states,

respectively, as shown in Fig. 2c and 2d.

III. MEMS DESIGN AND MODELLING

A cross-sectional cut of the proposed cantilever switch mechanism, implemented symmetrically on both sides of
the bilateral finline, is shown in Fig. 3. In this design, the majority of the area below the cantilever is used as
electrode area to decrease the actuation voltage. The gold layer thickness is designed to 0.8 um for the electrode pad
and to 1.0 um for the rest of the pattern on the silicon surface, in order to have low metallic losses at the designed
frequency of 77 GHz with calculated skin depth of 0.28 um with a resistivity of 2.44 x 1078Q - m and a relative
permeability of 1.0 for gold.

For operating the switches, the bottom actuation electrodes are connected to the positive DC voltage through the
biasing lines, and the cantilever electrodes are connected to the DC ground, which is shared with the fin layer RF
ground. The biasing lines are penetrating the wide walls of the waveguide perpendicular to the length of the chip.

The dimension of the gold cantilever plate is 180.0 um x 190.0 pum % 6.5 um (Fig. 2b) and the contact area has a
thickness of 0.6 um (Fig. 3b) which keeps the cantilever at 0.8 um above the electrode to avoid short circuiting in the
down state and which omits the necessity of using any insulating layer. Such a dielectric-less, i.e. all-metal, MEMS
switch design eliminates dielectric charging and thus long-term reliability issues. Two separate anchors are used for
each cantilever since the biasing lines are routed in the middle of the actuator between these two anchors, as shown is
Fig. 2b.

The electro-mechanical design of the cantilever switch is verified by three-dimensional modelling in the finite
element method (FEM) software COMSOL Multiphysics. The thickness of the cantilever plate is designed to 6.5 um,
to be deposited by electroplating of gold. The simulated, designed spring constant value is 81.61 N/m assuming an
average Young’s modulus of E = 40 GPa and a Poisson’s ratio of v = 0.42 [36] for electroplated (hard) gold. Such a
stiff design results in a high restoring force in the closed state, avoiding switch failure due to gold contact stiction.
The simulated actuation (pull-in) voltage is 52.2 V with an electrode pad size of 180.0 pm % 185.0 um and the
simulated resonance frequency of the cantilever beam is 41.54 kHz. This medium actuation voltage for this stiff
switch design results in a large contact force and thus stable contact resistance, even for hard gold (cobalt or nickel

alloys).



Since a bilateral finline requires symmetrical metal structures, including the reconfigurable MEMS elements, on
both sides of the dielectric which is inserted into the waveguide, the chips are designed to be fabricated in two
separate, identical parts, each of them comprising 11 MEMS cantilevers on a 300pm-thick (+25um) silicon substrate,

and then to be assembled to a bilateral fin, as shown in Fig. 3.
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Fig. 3. Cross section view of the cantilever. (a) MEMS actuation and finline fabricated on two different wafers. (b)
Component dimensions.

IV. ELECTROMAGNETIC DESIGN AND MODELLING

The proof-of-concept prototypes of the MEMS-based finline phase shifters are designed in fixed MEMS states,
i.e. the actuators are not functional, but all actuation and biasing elements are included both in the simulation models
and in the fabricated designs, to include their influence on the RF performance. In the fixed state all gold fin layers
with all slots for the MEMS biasing lines are patterned (Fig. 2b) but all cantilevers in the closed state are realized
with gold short-circuiting connection lines in the slot on the substrate surface. The influence of the contact resistance,
typically less than 200 m£, is not taken into account in such a simplification. The phase of the transmitted wave is
controlled by short-circuiting the slot at specific points which imitates the closed cantilever state of the non-
moveable MEMS. Four different embodiments are implemented, which correspond to four different phase states. The
cantilever configurations of the four slot configurations are summarized in Table 1. The configuration of cantilever

switches for different states shows that four separate actuation signals are required to operate the phase shifter. The



actuation signal 1 needs to be connected to the actuation pads of switches 1-3, 5, and 7-10, and the actuation signals

2, 3, and 4 need to be connected to the actuation pads 4, 6, and 11, respectively.

Table 1 Chip states and their configurations

Chip state Chip configuration (switch state)
Open Closed
State 1 11 1-10
State 2 1-10 11
State 3 1-5,7-11 6
State 4 1-3, 5-10 4,11

The HFSS simulation model of the finline phase shifter is shown in Fig. 4. HFSS was used for phase-shifter
design and optimization, and FEKO was used for design verification. The numerical model consists of a PEC
(perfect electric conductor) WR-12 rectangular waveguide (1.55 mm x 3.10 mm x 8.6 mm) with gold-metallized
dielectric (silicon, &=11.9, tan6=0.003) X-shape inserts placed in the middle of the rectangular waveguide. The
dimensions of the X-shape finline chips are given in Fig. 4a and the layouts of the four slot configurations are shown
in Fig. 4b.

The simulation results of the four states of the MEMS finline phase shifter are shown in Fig. 5. The phase
responses of the chips at the nominal design frequency of 77 GHz comprise the following phase states: -113°, -18°,
45° and 133°. The phase values normalized to state 4 are 0°, 95°, 158° and 246°. The simulated reflection coefficient
is lower than 10 dB for all states at the design frequency, and the simulated insertion loss S5, is better than -1 dB for
all states at 77 GHz. The states 1 and 2 of this design are very narrowband. Metal and dielectric losses were taken
into account in the model.

Finline phase

shifter chip \'\ :




State 1 - only switch 11 is open

State 2 - only switch 11 is closed

State 3 - only switch 6 is closed

State 4 - switches 4 and 11 are closed

(®)

Fig. 4. Finline-based phase shifter chip model to check the performance with slots for biasing. (a) The chips are
fabricated in X-shape to reduce the opening of the waveguide, thus decreasing the radiation loss while providing the
access to the biasing lines. (b) Phase shifter slot configurations for the four different phase shifter states presented in

Table 1.
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Fig. 5. Simulated results of the finline filter performance designed for 77 GHz using ANSYS HFSS (this design
provides a nearly 2-bit resolution): (a) phase response; (b) reflection coefficient; (c) insertion loss.

V. FABRICATION OF PHASE SHIFTER PROTOTYPES

The most important steps of the micromachining process flow of the phase shifters, fabricated on a pair of bonded
high resistivity silicon wafers, are shown in Fig. 6. High resistivity silicon substrates (HRSS) with a nominal
resistivity of higher than 13000 Q.cm are used due to low loss tangent of these substrates at room temperature in the
entire W-band (75-110 GHz) [37]. After a standard wafer cleaning process, two 300-um HRSS wafers are bonded
using adhesive substrate bonding with benzocyclobutene (BCB) polymer as an intermediate layer (Fig. 6a). Az nLof
2070 negative resist is spin coated and patterned on the front side of the wafer, followed by evaporating of 50 nm
titanium adhesion layer and 1 pm layer of gold (Fig. 6b). The sacrificial photoresist is removed in Microposit
remover 1165 assisted by ultrasonic agitation to complete the lift-off process (Fig. 6c). The front-side is then
protected by a hard-baked 4.5 um layer of Az 4533 photoresist, followed by repeating the metallization lift-off
process on the backside, to achieve a bilateral finline structure (Fig. 6d). Then, two photolithography steps with Az
4533 thick resist are done on both sides of the wafer to pattern the X-shape chip footprints. Then, deep reactive ion
etching of the front-side wafer is done in an inductively coupled plasma (ICP) tool. The photoresist mask is stripped
in the same tool due to good controllability and to avoid unintentional attacking of the underneath gold layer by ions
and radicals of plasma which is harder to control in standard photoresist stripping tools. The processed wafer is
attached to a temporary carrier wafer from the front-side by an intermediate thermal-release adhesive tape and deep
reactive ion etching is also done on the backside to completely free-etch the chips while they are kept in place on the
temporary carrier wafer. The photoresist on the backside is stripped by plasma etching and the chips are released

from the thermal-release adhesive tape (Fig. 6e).
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The bonding of the wafers before structuring the two finline metallization layers, as compared to fabricating
separate chips and then bonding them on chip-level, is that the accuracy of the back-to-bottom-side wafer alignment
is by far higher than for chip-to-chip backside alignment, for which no standard fabrication equipment exists. Camera
pictures of some prototype microchips are shown in Fig. 7, after being released from the thermal-release adhesive

tape.

(@ (®) ©
@ Silicon
%=ﬂ= W Titanium / Gold
[l Photoresist
(d

(e) @ BCB
Fig. 6. Micromachining process flow of phase shifters: (a) bonding with BCB adhesion layer, (b) lithography and

evaporate deposition of Ti/Au layer on the front side, (¢) lift-off, (d) evaporate deposition of Ti/Au on the backside
followed by lift-off, and (e) DRIE of the front side followed by the backside.

(a) (b)
Fig. 7. Finline-based phase shifter chip prototypes. (a) On the processed wafer after being released from the thermal-
release adhesive tape. (b) X-shape chip.

V1. EXPERIMENTAL CHARACTERIZATION OF THE PHASE SHIFTER PROTOTYPES

In order to integrate the X-shape phase shifter chips into the measurement setup, a modified 120 mm long WR-12
waveguide section, shown in Fig. 8, is used. A 10 mm long section is cut out of the waveguide. A lid corresponding
to that removed section has been fabricated out of a second waveguide. An X-shape recess with slots for the biasing
lines has been cut into the original waveguide to guarantee that the chip is positioned exactly in the middle of the
waveguide aperture. To keep the chip fixated, the lid is attached and fixated by two sliding clamps (Fig. 8a and 8b).

The proposed waveguide structure provides easy and fast access to the chip, i.e. for exchanging the chips for
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characterizing different chips. Fig. 8¢ shows photographs of the X-shape chip integration process into the waveguide.
There are three steps: i) inserting the chip into the waveguide recess; ii) closing the lid and fixating all the parts by
two clamps; iii) once the clamps are fixated, the measurement can be started. The measurement setup, shown in Fig.
8d, is used to evaluate the finline phase shifter performance experimentally. The two WR-10 waveguide ports of the
millimetre-wave heads of a 100 GHz vector network analyser are connected via two adapters to the WR-12
waveguides containing the assembly fixture for mounting the prototype chips.

{ clamps

lid — N
X-shaped chip

(b)

(d)

Fig. 8. Characterization of the performance of X-shape phase shifter chips integrated into tailor-made WR-12
waveguide: (a) WR-12 waveguide model. (b) WR-12 waveguide prototype. (c¢) Chip fixation into tailor-made WR-12
waveguide section. (d) Measurement setup for chip characterization.

Two prototype waveguides with replaceable sections have been fabricated and characterized. Their insertion loss,
with the lid clamped in place, but without any chip inserted is shown in Fig. 9. The insertion loss of this waveguide
setup, i.e. the influence of the replaceable caps and of the slots in the top and in the bottom face of the waveguide, is

better than 1 dB from 75-80 GHz (normalized by a straight waveguide section of same length, without replaceable

cap and slots).
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Fig. 9. Measured insertion loss of two prototype waveguides with replaceable sections without the chips being
inserted.

Fig. 10 shows the measured RF performance of the phase-shifter prototype chips inserted in the modified
waveguide. The measured phase states (Fig. 10a), relative to state 4, are 0°, 56°, 189°, and 256°, for the design
frequency of 77 GHz, which corresponds to an effective 1.78 bit. The measured S-parameters of the four states are
shown in Fig. 10b and Fig. 10c. The measured reflection coefficients show that a large amount of power is reflected,
much more than expected from the simulations. This can also be seen in the insertion loss which is better than 5.7 dB

for the state with the lowest loss.
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Fig. 10. Measured results of the finline filter performance designed for 77 GHz by ANSYS HFSS: (a) phase
response; (b) reflection coefficient; (c) insertion loss.

To investigate the reason for this discrepancy, the reproducibility of the assembly and the influence of fabrication
tolerances were investigated. Fig. 11a shows the S,; measurements of 6 different chips fabricated for the same state
(state 2). The deviation between the different chips is not significant and thus fabrication and assembly tolerances are
not the reason for the poor RF performance. Furthermore, the reproducibility of the assembly of the chips into the
waveguide was investigated. Fig. 11b shows the insertion loss S,; measurements of the same chip (state 4), which is
taken out of the waveguide and re-mounted between subsequent 4 measurements, which shows high consistency. The
small deviation of the absolute chip dimensions and the thickness of the bonding polymer interface among different
chips were measured and are shown in Fig. 12.

Thus, it is concluded that a major reason for the deviation of the measured S-parameters from the simulation data

is the narrow-band design of the devices, which makes the performance very sensitive to design parameter variations.
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(b)
Fig. 11. Influence of fabrication tolerances and reproducibility of the assembly: (a) Measured insertion loss of 6
different prototype chips fabricated for state 2, showing insignificant influence of the fabrication tolerances in the
vicinity of the designed frequency of 77 GHz. (b) Subsequent measured insertion loss of the same prototype chip
fabricated for state 4, which is taken out of the waveguide and remounted between subsequent measurements,
showing reproducibility of the assembly and the measurement.
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Fig. 12. Variation of the chip dimensions of different chips.

VII. CONCLUSION

In this paper, we proposed a new configuration of digital phase shifters integrated into WR-12 waveguides. This
configuration is based on a finline bandpass filter associated to MEMS elements as switches in fixated states. The
phase states are controlled by changing MEMS combination integrated in the finline slot. The nearly 2-bit resolution
of the proposed concept is verified both by simulation and measurement. The proposed finline phase shifter was
expected to have low insertion loss according to simulations, but the characterized prototype chips, exhibit

significantly higher insertion loss. This is not attributed to assembly issues or fabrication tolerances, which are
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investigated in the paper, but most likely to the narrow-band design and thus the high sensitivity to design parameter

variations.
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