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17-30 GHz Reliable and Compact Analog Phase Shifter Using
Lateral Micromachined SP7T Switches, and DMTL Arrays

Sukomal Dey': *, Shiban K. Koul?, Ajay K. Poddar®, and Ulrich Rohde?

Abstract—In this work, a radio frequency (RF) micro-electromechanical system (MEMS) based analog
phase shifter is presented over 17-30 GHz. The proposed phase shifter is made using two back-to-back
single-pole-seven-throw (SP7T) switches and connected through seven distributed MEMS transmission
lines (DMTL). The SP7T switch is designed with lateral electrostatic actuation and demonstrates
measured average return loss of > 11.3dB, insertion loss of < 5.94dB, and isolation of > 22dB up to
30 GHz. Total area of the SP7T switch is only 0.89 mm? including bias lines and pads. The proposed
wide-band phase shifter can be tuned at all the frequencies between 17 and 30 GHz. Phase shifter
gives measured average insertion loss of < 6.94dB, return loss of > 10dB, and phase error of ~ 1°
at 17 GHz to 30 GHz over 500 MHz bandwidth. All phase shifts can be tracked with a resolution of
22.5° based on predefined actuation voltages. Total area of the fabricated device is ~ 11.72mm?. In
addition, switches and phase shifter work satisfactorily > 1 billion cycles with 0.1-1 W of RF power.
The proposed phase shifter bank gives phase shifting performances at each frequency over 17-30 GHz
with a constant resolution utilizing analog tuning, and it operates > 1 billion cycles of reliability with
1 W of RF power.

1. INTRODUCTION

Broadband phase shifter is one of the essential radio frequency (RF) components for next generation
wideband or multi-band systems. One wideband phase shifter can replace many phase shifters within a
system and reduce the system complexity to a reasonable extent [1]. Different kinds of technology have
been adopted so far for microwave phase shifter, including CMOS, low temperature co-fired ceramic
(LTCC), ferroelectric, photonic, liquid-crystal and radio frequency microelectromechanical system (RF
MEMS) [2-4]. Out of them, RF MEMS is one of the non-slid state technologies and demonstrates low
loss, high linearity, low power consumption, excellent group delay, and low phase error [5].

Different types of phase shifters have been reported in the literature over last two decades [6-23]
in narrowband or wideband. One of the major challenges of a wideband phase shifter is to track any
frequency over a wide spectrum without compromising other performances like loss, matching, and
phase error. In addition, all these reported phase shifters are unable to generate any phase shift over
broadband. This work primarily focuses on all these aspects to a reasonable limit over 17-30 GHz using
micromachining technology. The proposed phase shifter has the capability to provide phase shift based
on analog tuning with 22.5° steps at each frequency over 17-30 GHz. Nevertheless, phase shifter can
cover the range of 0°-337.5° with < 1° of phase error. The main control elements on the proposed
device are single-pole-seven-throw (SP7T) switches and MEMS bridges. The switching action of this
work was reported in [24,26] where prime focus was given on the design and development of the SP7T
switches over 1-30 GHz. In addition, complete fabrication details of this work can be found in [24].
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The present work focuses on the wideband phase shifter utilizing the same SP7T switch with more
additional experimental data in the subsequent sections.

The work is divided into four phases. Phase I briefly discusses the proposed design topology of
the wide-band phase shifter. Phase II focuses on the detailed experimental analysis of the MEMS
switches. Phase III describes performance characterization of the proposed phase shifter. Phase IV
provides extensive experimental analysis on the devices power handling and reliability up to 1 billion
(B) actuation cycles. Finally, results are compared with the present state-of-the-art performances.

2. PROPOSED DESIGN TOPOLOGY OF THE WIDEBAND PHASE SHIFTER:
PHASE I

In this work, a wideband phase shifter is designed using a simple topology, as shown in Fig. 1. A
microfabricated image of the SP7T switch is also depicted in Fig. 1. In this topology, seven DMTLs
are connected between two lateral SP7T switches. All DMTL cells have different dimensions in terms
of length, and they are loaded with fifteen MEMS bridges with an airgap of 2.5 um. The proposed
topology is inspired from the switched line-based phase shifters, but here each line acts as a phase shifter.
Conventional 2-bit and 4-bit phase shifters were proposed with two and four SP4T switches in [20, 21, 25].
Later, two SP16T switches were used for a 4-bit phase shifter [26]. The present technique needs two
SP7T switches for an analog type phase shifter operation followed by seven DMTLs. Nevertheless,
all these above-mentioned phase shifters work over narrow frequency band [20,21,24,25], but the
reported structure can provide a wideband operation with flexible phase steps followed by controlled
and predefined electrostatic actuations.

DMTL phase shifter (17-18 GHz)

DMTL phase shifter (29-30 GHz) X

Figure 1. Schematic of the proposed wideband phase shifter array using two MEMS SP7T switches
and seven DMTL structures. Inset shows microfabricated image of the single-pole-seven-throw (SP7T)
switch [24].

3. DESIGN AND MEASUREMENTS OF THE LATERAL MEMS SWITCHES:
PHASE II

The microscopic image of the lateral MEMS switches is depicted in Fig. 2(a) [26]. Initially, single
MEMS switch was fabricated, and later the same switch was used to develop SP7T configuration. The
performances of the single switch were extensively measured to ensure the optimum switch behaviours.
The switch was implemented on a 502 coplanar waveguide (CPW) transmission line (G = 35 um,
W = 80 um) on an alumina substrate (g, = 9.8) with a gold of thickness 2 pm. The switch is placed on
the center CPW line. Complete design details of the single switch and its complete performance analysis
are presented in [26]. Fig. 2(b) shows the equivalent circuit of the lateral MEMS series switch. Fig. 3(a)
shows switch R, variation from 1.85-1.73 ) with 90-103V of bias voltage. Finally, 95V was chosen
from it for stable operation with proper contact. Measured switching time of 38 usec [see Fig. 3(b)] and
mechanical resonance frequency of 0.28 MHz were obtained from the switch [26], respectively. Finally,
S-parameter performances of the single switch are tested up to 30 GHz using Agilent Vector Network
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Figure 2. (a) Fabricated microscopic image of the single lateral MEMS switch, all structural parameters
are marked and (b) its equivalent circuit model [26].
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Figure 3. Measured (a) contact resistance versus applied voltage, (b) switching time, and (c) S-
parameter performances of the single MEMS switch.

Analyzer (E8361C) with cascade dc probes and calibrated using short-open-load-thru (SOLT) standards
to the probe tips. Switch demonstrates measured return loss of better than 12dB with worst case
insertion loss of ~ 3dB and isolation of better than 28 dB up to 30 GHz, as shown in Fig. 3(c). The
individual circuit parameters were obtained from the measured S-parameter data using equations given
in [26] and compared with the measured results. Results show good agreement between simulated and
measured responses. In addition, all extracted parameters are mentioned in Fig. 2(b) for clarity.

After successful completion of design and measurement phases of the single switch, SP7T switch
was developed with seven identical switches anchored with a 45° angle between one another. Microscopic
image of the SP7T switch is depicted in Fig. 1. The total area of SP7T switches is 0.89 mm? including
bias lines and pads. Moreover, CPW ground lines are connected with bond wires in order to remove
CPW odd-modes during the operation. Each switch carries a dedicated bias pad and actuated.
Each switch was actuated at a time, and cantilever beam was connected with the respective output
transmission line. Note that input line of the switch is connected with a central junction where all
seven switches get RF connection. Hence, central junction plays a crucial role in the design, and radius
of this junction was extensively optimized in full wave simulator. Note that central junction has a role
on the overall matching (S11) to the structure. Needless to say, a similar actuation mechanism (a < b)
was adopted throughout over the same bias voltage [see Fig. 2(a)]. The SP7T switch gives measured
return loss of better than 11.3 dB, worst case insertion loss of 5.94 dB, and isolation better than 22 dB
up to 30 GHz [26]. All measured responses are validated using circuit model and can be found in [26].

4. DESIGN AND TESTING OF THE WIDEBAND MEMS PHASE SHIFTER: PHASE
111

DMTL based technique is used in this work to design seven analog phase shifters. A high impedance
(> 50€Q) CPW line was loaded with MEMS bridges with periodic spacing. MEMS bridges are connected
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with the CPW grounds, and they act as a varactors based on the electrostatic actuation. It adds
distributed capacitances along the length of the line. The capacitance variation changes the phase
velocity and produces a differential phase shift. This phase shift is the impedance difference between
non-actuated and actuated states.

The primary aim of any phase shifter design is to achieve required phase shift with minimum loss
and good matching (< 10dB) over the band of interest. Note that seven different analog DMTL phase
shifters were designed, fabricated, and tested separately to ensure optimum device performance. Each
phase shifter works at two frequencies based on the electrostatic actuation. It starts from the 17-18 GHz
and ends at 29-30 GHz. The quality of the MEMS bridge was checked experimentally, and the design
was inspired from [28]. Complete design details of the single MEMS bridge can be found in [27,28]. The
microscopic image of the fabricated unit cell phase shifter and its equivalent circuit model are shown in
Figs. 4(a)—(b), respectively. Measured RF capacitance variation of the bridge shows pull in at 92V [see
Fig. 4(c)]. Measured RF capacitances variations are given at the lowest (17 GHz) and highest (30 GHz)
frequencies. The region of phase shifter operation is marked in Fig. 4(c), and it shows that the entire
phase shifter operates between 66 and 80 V actuation voltages (V}) from 17 to 30 GHz. The S-parameter
performances of the unit cell were critically observed at V;, of 66V and 88V, as depicted in Fig. 4(d).
Results show measured return loss of > 14 dB and insertion loss of < 1.1dB between 17 and 30 GHz.
Please note that measured phase shift of ~ 22.5° was achieved between 80 and 66 V bias voltages over
17 GHz to 30 GHz frequency ranges. Note that all bridges operate within a point of stability (maximum
Vp of 80V, Pull-in = 92 V). It gives a high degree of stability over a long range of operation.
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Figure 4. (a) Fabricated image, (b) equivalent circuit model, (¢) measured changes in MEMS bridge
capacitance (Cy) with Vj, values, and (d) measured S-parameter performances at 66 V and 80V of Vj, of
the unit cell.

Finally, fifteen similar MEMS bridges were used to develop a complete phase shifter. All DMTL
phase shifter functional parameters like impedances at non-actuated (Z;,) and actuated (Z4) states,
distance between two periodic cells (s)) were optimized in full-wave simulators using Equations (1)

(2) [1
SLt SLt
Ziw =\ Zig= i Q 1
: sCy + Cra TN SCr + Clg L)

__ Zuc 2)
7r.](‘BZO\/E':r,eﬁ”

where Cy,, and Cjy are the loaded up (at Z;,,) and actuated state capacitances (at Zj4); sL; and sC} are
the per unit line inductance and capacitance; Zj is the characteristic impedance; ¢, g is the effective
permittivity; and c is the free space velocity. The Bragg frequency of the structure is 2.5 times of the
lowest operating frequency. Differential phase shift (A¢) can be stated as [1];

SWZO\/er eff 1 1
Ap=—"""|——— d
o) . <Zlu Zld) rad/sec (3)

Individual phase shifter cells demonstrated maximum average matching and insertion loss of 12dB
and 5.6dB over 17-30 GHz. Maximum phase error (A¢pg) of ~ 0.4° was obtained at each operating
frequency. A¢ were obtained with 66-80 V over the band.

S
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where, Zy = unloaded impedance, Z;, = loaded impedance (at V', = 0V), Zs = loaded impedance (at V', =+V), s = unit
cell length, /= DMTL length, and /, = additional line length.

(a)

2830 pm
v e e dems s e b

o~ 1 | e

| L SO L S | S S . _1
B [ — L —1 — L —1 1 — | — ) — — | -1 = &

P

| . ==

[1Y) (1)

11 113
e, =

(b)

Figure 5. (a) Detailed design layout and (b) fabricated image of the broadband phase shifter array.
Total area of the device is 11.72 mm?2.
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Figure 7. Measured differential phase shift with applied bias voltage of the broadband phase shifter
array. Results show performances at every alternative frequencies starting from 17 GHz.

Finally, a complete phase shifter array was designed with seven DMTL structures and two lateral
MEMS SP7T switches connected back-to-back. The complete schematic and fabricated image of the
analog phase shifter array are depicted in Figs. 5(a)—(b), respectively. All essential parameters are
marked in Fig. 5(a) for better clarity. The total area of the phase shifter array is 11.72 mm?. To achieve
the optimum performance, three high frequency DMTL phase shifter cells (25-26 GHz, 27-28 GHz,
and 29-30 GHz) were connected at the middle just to reduce the loss from additional line lengths, as
depicted in Fig. 5(b). The proposed broadband analog phase shifter demonstrates measured average
matching of > 10dB and loss of < 6.94dB, as shown in Fig. 6. Each frequency point was checked
over a 500 MHz bandwidth, and corresponding changes in matching and loss were recorded. Finally,
differential phase shift was measured with applied voltages (V3) at fourteen frequency points between 17
and 30 GHz. Fig. 7 shows phase shift versus applied voltage at every alternative frequency starting from
17 GHz. All these measurements were carried out at 0.1 W of RF power at 25°C. The average phase
error of 1° was obtained from the measurements up to 30 GHz with same applied voltages between
66 and 80V. The overall phase shift variations are from 0 to 337.5° at each frequency and average
phase error of 1° up to 30 GHz. It is indicated that the proposed analog phase shifter can operate as
a 4-bit phase shifter. Note that a little variation of this phase error was mostly due to the nonuniform
beam thickness (3.43-3.56 um) during electroplating process. Nonuniform distributions of Cj, and Cjy
happened throughout the actuation process under the same bias voltage. These results provide a clear
data set for readers to obtain required amount of phase shift by fine tuning of the MEMS bridges.
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Table 1. Complete performance list of the proposed wide-band phase shifter array.

Dey et al.

Frequency Avg. S11 Avg. S2; Avg. A¢g Voltage PS No:

(GHz) (dB) (dB) (deg) V)

17 GHz > 14.6 6.4 1.03° 80.2 PS-1
18 GHz > 14 6.47 1° 78.6 PS-1
19 GHz > 13.8 6.67 0.97° 77.4 PS-2
20 GHz > 13.6 6.683 0.95° 76.6 PS-2
21 GHz > 13.18 6.8 0.93° 75.3 PS-3
22 GHz > 12.96 6.815 0.88° ~ T4 PS-3
23 GHz > 12.85 6.92 0.74° 72.5 PS-4
24 GHz > 12.44 6.97 0.67° 71.2 PS-4
25 GHz > 12.31 7.1 0.57° 70.4 PS-5
26 GHz > 12.14 7.18 0.41° ~ 69 PS-5
27 GHz > 12.04 7.24 0.33° 69.8 PS-6
28 GHz > 11.8 7.247 0.22° 68.4 PS-6
29 GHz > 11.32 7.38 0.12° 67.5 PS-7
30 GHz > 10.89 7.45 0.07° ~ 66 PS-7

Nevertheless, Table 1 provides a complete performance list of the proposed wide-band phase shifter at
different operating frequencies. Authors strongly believe that analog tuning of the phase shifter provides
better flexibility than its digital counterpart. In a nutshell, the proposed wideband phase shifter can
demonstrate any phase shift at any frequencies between 17 and 30 GHz without compromising the
S-parameter performances. However, flexibility is more at higher frequencies (> 24 GHz) than lower
frequencies over the range. Actuation voltage limits working range because lower frequency demands
more capacitances with more bias voltage. Finally, Table 2 shows detailed performance comparison of
the proposed wideband phase shifter with the current state-of-the-art MMIC, CMOS, and MEMS phase
shifters.

5. RELTABILITY MEASUREMENTS: PHASE IV

One of the biggest challenges of the MEMS based devices is the reliability. To ensure optimum
performances from the wideband phase shifter, an extensive reliability testing process was adopted
with 0.1-1 W RF power up to 1 billion (B) cycles. Reliability test setup and related descriptions are
given in [27]. Initially, the reliability of individual controlling elements was checked, including single
lateral MEMS switch, SP7T switch, and MEMS bridge. Finally, the complete device performances were
tested up to 1B cycles.

5.1. Reliability Testing of the Controlling Elements

Reliability and power handling measurements were performed on all the controlling elements with 0.1—
1W of RF powers. Initially, variation of single switch contact resistance (R.) was measured using a
four-point probe method with applied bias and reported in Fig. 3(a). The similar measurement was
also repeated on the SP7T MEMS switch, and related variations of average R. from all switches were
recorded and plotted in Fig. 3(a). Next, single lateral switch power handling capability was measured
periodically at 20 kHz switching rate with 0.1-1 W of power at 2 GHz, as shown in Fig. 8(a). The test
was performed up to 1B cycles, and it performed satisfactorily without contact degradation between
cantilever beam and output transmission line. Note that the proposed switch is dielectric less, and
charging problems were completely avoided. A square waveform was applied to the switch with 50 usec
period (ramp of 15 psec rise time and 10 psec fall time).
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Figure 8. Reliability responses of all individual controlling elements where (a), (b) variation of R¢
as a function of cycle count from 0.1-1 W of RF power for single switch (SPST) and SP7T switch,
respectively and (c) bridge capacitance (Cy) variations with 0.5-1 W of RF power up to 1B cycles.

Table 2. State-of-the-art performance comparisons of the proposed broadband phase shifter with other
reported designs using MMIC, CMOS and MEMS phase shifters.

Comparison with other Reported Broadband MMIC and CMOS Phase Shifters

(Analog type)

. . Avg. Avg. Avg.
Frequency Phase Shift Resolution
Ref, Year IL RL Phase
(GHz) ®) ) o
(dB) (dB) Error (°)
[7], 2006 12 0-360 11.25 —145+05| <—10 12
[8], 2007 15-26 0-360 22.5 —-3.8 < —10 9.7
35
[9], 2008 0-360 22.5 —13 < -10 11
(31-38)
[10], 2010 6-18 0-360 11.25 N/A < —10 5.6
10
[11], 2013 0-360 11.25 —27 <12 N/A
(5-20)
This Work
'S vvor 17-30 0-360 Any 694 | <10 ~1°
(Analog type)
Comparison with other Reported Broadband MEMS Phase Shifters
. . Avg. Avg. Avg. .
Frequency Phase Shift Resolution Size
Ref, Year (GHz) ©) ©) IL RL Phase ( 2)
z mm
(dB) (dB) Error (°)
[6], 2003 15-45 0-40 10 —-3.5 < —10 4.9 NA
[20], 2003 10 0-360 22.5 —1.254+0.5 <14 2.3 21.3
[12], 2008 18 0-360 5.625 2.8 <7 N/A 40
[13], 2008 10 0-360 11.25 —4.5 <10 10 9.23
[21], 2011 60 0-360 90° —-2.5 <12 1 4
[14], 2012 15 0-360 22.5 —-1.7 <10 7 N/A
[15], 2013 15-40 0-180 10 —3.6 <19 1.3 63.72
[16], 2013 17.25 0-360 11.25 —5.4 <14 1.35 36
[17], 2014 10 0-360 11.25 —4.72 <12 3.65 19.4
[18], 2015 12-25 0-360 11.25 —4.4 <14 6 15.6
[19], 2015 17 0-360 11.25 —2.65 < 22 0.68 13
This Work
'S vvor 17-30 0-360 Any 694 | <10 ~1° ~11.72
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The amplitude of the DC waveform was set to +95 V, and 25 psec time span was maintained during
the contacting period for efficient signal transmission. Bias-Tee and cable losses were normalized and
not accounted during the testing stages. R. was recorded periodically, and switch can withstand up to
1B cycles at 0.1-1 W power. The R, variations of 1.88-4.3 €2 were noticed during experiment. Finally,
power handling capability of the SP7T switch was measured with the same setup and under same
operating condition. The average R, variation from the SP7T switch is plotted in Fig. 8(b). Note that
reliability testing was limited up to 1 W for the SP7T switch since each arm was actuated independently.
Changes in R, were mostly due to contact contaminants with excessive temperature rise on contact at
higher RF power in the non-hermetic conditions.

Furthermore, reliability of the MEMS bridge was checked with 0.5-1 W of power and with three
bias voltages (66 V, 73V and 80 V). The related changes in C} were recorded and plotted in Fig. 8(c).
The maximum change of ~ 16 fF (135-151 {F) was found with 80V bias voltage at 17 GHz. Note that
this measurement was carried out at 17 GHz, 25 GHz, and 30 GHz. The C} variation was mostly due to
reduction of beam restoring force over the continuous actuation process. Note that no adverse effect of
dielectric changing was noticed during measurement.

2. Reliability Testing of the Wideband Phase Shifter Array

Reliability of the complete wideband phase shifter array was extensively tested at every alternative
frequency from seven DMTL cells starting from 18 GHz. Each arm was activated by tuning two lateral
MEMS switch, and then MEMS bridges were actuated accordingly over the cycle. The same V}, values
were applied, and related changes in device losses were recorded up to 1B cycles with 0.5-1 W of RF
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Figure 9. Reliability results of the wide-band analog phase shifter array at seven even frequencies over
17-30 GHz.
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Figure 10. Reliability responses of the average phase error variations up to 1B cycles with 0.5-1 of
RF power from the wide-band phase shifter array.
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power. Average insertion loss values are plotted in Fig. 9 at seven frequencies with 0.5 and 1 W of
RF power up to 1B cycles. Results show that phase shifter works satisfactorily up to 1B cycles with
maximum average loss variation of 7.35-8.3dB from 0.5 to 1 W of power. All related frequencies are
marked in Fig. 9 for better clarity. Nevertheless, phase errors were also noted during the measurements,
and average phase errors from the wideband phase shifter array were recorded systematically and plotted
in Fig. 10 against 0.5 W and 1 W of RF power up to 1B cycles. The maximum change in average phase
error was ~ 1° from the device from 0.5 W and 1 W of RF power levels. Reliability operation was mostly
dominated by the electro-migration of current density [29-31]. Note that MEMS bridges are always
actuated over the point of stability in a DMTL, and it leads to higher reliability. A shunt protection
technique can also be used in the structure [32]. Note that device was tested up to 1B cycles (with 1 W
power) in a standard lab environment.

6. CONCLUSION

In this work, design, development, and extensive characterization of a wide-band analog MEMS phase
shifter array is presented using two SP7T switches and seven DMTL structures. Behaviours of all
individual functional blocks (single lateral switch, SP7T switches, and DMTL unit cell) were carefully
considered to ensure the optimum device performances over the frequency range of interest. Reliability
of all controlling elements has been extensively tested up to 1B cycles and presented systematically.
The complete phase shifter demonstrates the measured average insertion of 6.94 dB, average return loss
of 10dB, and maximum average phase error of ~ 1° up to 30 GHz. The proposed phase shift array is
operational up to 1 billion cycles with 1 W of incident RF power.

In addition, phase shifter performance variation over the cycle was explicitly shown. Complete
area of the proposed wide-band phase shifter array is 11.72mm?, and it is also comparable with other
reported MEMS based phase shifters. Performances of the proposed device are compared with other
state-of-the-art technologies like MMIC and CMOS. In the opinion of authors, this is the first reported
wideband analog MEMS phase shifter array in the literature that has flexible resolution where any
phase shift can be obtained over 17-30 GHz frequency based on specific DC bias. The performance
could be improved further with a hermetic condition, and authors intend to do zero-level packaging on
the reported device in future.
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