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Abstract—Low-loss digital distributed phase shifters have TABLE |
been developed using micromachined capacitive shunt switches COMPARISON OFLOSS AND PULL-DOWN VOLTAGE FOR SEVERAL
for V-band applications. Instead of conventional metal-insu- MEMS PHASE SHIFTERS
lator—-metal capacitors, high-Q metal-air—metal capacitors were
used in series with the microelectromechanical system (MEMS) ~ Referenee Type overage | Freaveney | Pulbdown
shunt capacitive switches to minimize the dielectric loss. The
operation voltage for the phase shifters was also reduced by (i CPW analog Distributed 4dB 60GHz | >13V
applying the bias directly to the MEMS shunt switches through pe 360
choke spiral inductors. Fabricated 2-b (270) and 4-b (337.5) [2] CPW I-bit 1.69dB 35 GHz 5V
distributed phase shifters showed low average insertion losses Distributed type (270°)
of 2.2 dB at 60 GHz and 2.8 dB at 65 GHz, respectively. The 3] CPW 2-bit 4dB 114GHz | 60V
average phase errors for 2-b and 4-b phase shifters were 6.5% and Distributed type (270°)
1.3%, respectively. The return losses are better than 10 dB over ™ CPW 3.0t 17d8 26 GHa 0V

a wide frequency range from 40 to 70 GHz. Most of the circuits

; . Distributed 315°
operated at 15-35-V bias voltages. These phase shifters present istrbuted type G157

promising solution to low-loss integrated phase shifting devices at 5] Microstrip 4-bit 3dB 16 GHz | 40-60 V
the V-band and above. Distributed type (337°)
Index Terms—Broad-band, metal-air—metal (MAM) capacitor, (6] Microstrip 4-bit 225dB 34GHz | 45V
micromachining technology, phase shifter. Resonant Line (337°)
171 Microstrip 4-bit 2.5dB 108GHz | 70V
True-Time Delay (337°)
|. INTRODUCTION (8] Microstrip 4-bit 1.4 dB 8GHz | 3540V
NALOG phase shifters using coplanar waveguide (CPW Reflection type (337°)
lines with distributed microelectromechanical systen This work CPW 2-bit 22dB 60 GHz | 15-20V
(MEMS) bridges have recently demonstrated broad-ban Distributed type (270°)
characteristics with low loss of 4.0 dB/36@t 60 GHz [1].  Thiswork CPW 4-bit 2.8dB 65GHz | 25-35V
However, since there was a limit on the control range of th Distributed type (337°)

bridge height before the bridge snaps, the analog phase shifter

showed relatively small phase shift. This problem was solved ) ) )

by operating the MEMS bridges in the digital mode [2]-[g]ere to be applied at higher frequencies such asitiigand,
where two distinct capacitance statesi(bridge snapped and the bias voltage would be too high to be practical. This is
OFF. bridge as is) were defined with a high,,/Cog ratio. due to the fa_ct that the required MEMS shunt capacnanqe
Digital phase shifters with this approach allow large phase sHt the CPW lines decreases as frequency increases, making
and low sensitivity to electrical noise. In the published CPV?€ Switching voltage even higher. Moreover, the loss of the
digital phase shifters [2], [3], a small metal-insulator—met4paded CPW line will increase because of the IQuof the
(MIM) capacitor in series with the MEMS bridge capacitoM!M capacitor at high frequencies [3]. The goal of this study
was used to reduce the total shunt capacitance seen by the s to realize a distributed CPW digital phase shifter with
resulting in an acceptable return loss for both switching staf@¥/ 10ss and reasonable actuation voltagé’aband. In order
over a wide band. Here, the biasing to the MEMS capacitt Minimize the loss at’-band, metal-air-metal (MAM)
was applied through these two series capacitors, resultingCRPacitors in series with a MEMS capacitor were used for

high actuation bias voltages in excess of 40 V. If this approaf Shunt capacitors. The low capacitance per unit area and
high-Q factor of the MAM capacitors make MAM capacitors

_ _ _ _ _ better suited toV-band applications than MIM capacitors.
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Fig. 1. (a) Schematic and (b) equivalent circuit (c) photograph of the unit cell of a phase shifter with MEMS bridge and series MAM capacitors.
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Fig. 2. (a) Diagram and (b) photograph of the fabricdtethand 2-b MEMS phase shifter. Chip size is 6.3 mrit.5 mm (24 bridges).

the bias voltage was also reduced in this study by employingin this study, combining the aforementioned ideas to reduce
choke spiral inductors in the bias circuit. In this way, the biake loss and bias voltages, 4-b as well as 2-b phase shifters have
could be directly applied to the MEMS capacitors, bypassirgeen designed &i-band and fabricated using the surface micro-
the series MAM capacitors. machining techniques. The measured loss and operation voltage
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Fig. 3. Measured and simulatédparameters of a 2-b MEMS phase shifter at (apBase shift and (b) 270phase shift at 60 GHz.
of our phase shifters are compared with the reported MEM: 0 e st he e 0
phase shifters at various bands in Table I. It can be easily four /__/_/._ﬁ____::,\_,\
from the table that the insertion losses and the bias voltages & -
our phase shifters compare very well even with the lower fre = %
guency phase shifters. To the best of our knowledge, this is tt § . 20 g
first demonstration of the low-loss broad-band digital MEMS g J 5
phase shifters &t -band. é 3
Il. DESIGN AND FABRICATION
The V-band digital MEMS distributed phase shifters of this ~ -10 — ' A = -40
study consist of a high-impedance CPW Iing (= 96 €, 40 50 60 70
width = 100 pm, gap = 120 um) capacitively loaded by

. . Frequency (GHz)

the periodic placement [2], [3] of a series-connected MEMS areney

bridges and MAM capacitors. The unit cell of the digital dis- -s- without integrated RF chokes and dielectric layer underneath MEMS bridges
tributed phase shifter is shown in Fig, 1 together with the equiv—'— without integrated RF chokes, but with dielectric layer under the MEMS bridges
alent circuit model. In this design, the range of the characteristiv_ with integrated RF chokes and dielectric layer underneath MEMS bridges

impedances was first chosen to be from 46 t¢5® guarantee

. . . Fig.4. Comparison of the measured losses due to the integrated RF chokes for
good impedance matchirig;; < —13dB) upto 75 GHz. This pjasing and dielectric layer underneath MEMS bridges for blocking dc short at

requires an overall’,,, /Cog ratio of 1.6 (40/25 fF) seen by thea 2-b MEMS phase shifter.
line. The length of the unit cell is 262m. A 262-um-long 962

line was modeled with a shunt capacitaricg) of 5 fF, series fixeq capacitancéC, /2) of 21 fF, MAM capacitors were em-
inductancg L) of 104 pH, and series resistgt, ) of 0.12. The  oved instead of MIM capacitors since they are less sensitive
loaded capacitance seen by the line is the series combinatiogpfhe process variations compared with the latter. It also offers

the MEMS bridge capacitant€’,) and total MAM capacitance pign.q factors at high frequencies as required foband op-
(Cs). The total capacitancef or Coy) of the unit cell is eration. The bias for switching is applied directly to the MEMS

C.Chu switch through the spiral inductors to reduce the switching dc
Cot =Cr + m and voltage down to 20 V. Total inductance of two cascaded spiral
C.Chy inductor is 0.7 nH with self-resonance frequency higher than
C(on :Ct + T~ . A\ (1) 87 GHZ
(Cs + Cra)

For modeling and analysis, most of the lumped element
whereC},, is MEMS bridge capacitance in the up-state positiovalues were calculated using an electromagnetic (EM) simu-

andC},q in the down-state position. lator IE3D. However, some parameter values such as bridge
Considering that theN/OFF capacitive ratio(Cyq/Ch,) Of  conductor losg R, = 0.3 Q) and the frequency-dependent

the MEMS shunt capacitor switch with a 1.8na air gap was losses(, = 1.5 fF andR, = 10000 €2) such as substrate loss,

about 8 in our experiment, the bridge capacitaitag,) of 69 fF  surface wave leakage loss, and radiation loss of the loaded line

(100m x 102 m) in the up-state and the fixed MAM capaci-are determined by the measur8eparameters. The simulated

tance(Cs/2) of 21 fF (62:m x 50 um) were determined to meetphase shift of the unit cell is about 11.2t 60 GHz. A circuit

the acceptable impedance matching up to 75 GHz. The total gimulator ADS was used for the simulation of the whole

ductance(L;) of bridge and MAM capacitors is 26 pH. Thephase-shifter circuit.

Bragg frequencies of the unit cell in the phase shifter are overThe phase shifters were fabricated on a 52@-thick quartz

142 GHz for both switch states. In order to achieve a very smalibstrate(s, = 3.8). First, titanium and gold are thermally



KIM et al: V-BAND DISTRIBUTED MEMS DIGITAL PHASE SHIFTER USING MAM CAPACITORS 2921

0 0 450
~ =N 400
~ -10 | -10 — 350
m —~ ©
) g & 300
17} L)
7] ] =
S 20 20 & 2 20
é E = 200 f
3 2 g 150
g . -3
30 0 £ 100
50 = -
-40 : J -40 0 = ‘
40 50 60 70 40 50 60 70
Frequency (GHz)

Frequency (GHz)
@ (b)
Fig. 5. Measured results of 2-b (27@t 60 GHz) MEMS phase shifter. (a) Insertion loss and return loss. (b) Phase shift.

Fig. 6. Photograph of the fabricat&ttband 4-b MEMS phase shifter. Chip size is 7.9 mrit.5 mm (30 bridges).

evaporated on the quartz substrate as a seed layer. An electro- TABLE I
plating mold is formed using thick photoresist, through whictFHASE SHIFT AND LOSSDATA OF THE 2-b MEMS RHASE SHIFTER AT 60 GHz

3-um-thick_gold transm_ission_lines are _electroplated._ The go!d Phase State 0.0° 90.0° 1300° | 270.0°
electroplating process is carried out using commercially avail-

able noncyanide electrolytic solution (NEUTRONEX 210 B), Measured 0.0° 972° | 189.8° | 2852°
and the electrolytic solution temperature is fixed at@) The Phase Error 0.0° -7.2° 9.8° -15.2°
elegtroplatlng rate is proportional to current density and electro- Loss (dB) s >3 57 23
plating time. The thickness of the electroplated structures can be

controlled by varying the electroplating time at a fixed current

density. In this study, the current density of the electroplating§ o .

. ’ : ; gnal line is connected to dc ground through the external bias
lee;(rj].at 2 mA/Ct?f W'thfthe electrgplatmg';ate Off (t)ﬁlwlnm':m. | tee. When dc bias is applied, the voltage difference between the
n this case, he surface roughnness (Ra) of the electrop ag? al line and ground pad generates a strong electric field under
structure is 0.06Lm. After removing the electroplating mOId'the membrane of the MEMS switch, which forces the membrane

a 0.3um-thick silicon nitride (SiN) was deposited with plasmafO snap down. DC block capacitors are added between the con-

enhanced chemical vapor deposition (PECVD) over the signal ., .. £ 1-b oh hif ; | .
line under the bridges to avoid a dc voltage short when the brid%%cu“ve ground pads of 1-b phase shifter sections and also be

tructure is deflected to the bott d olate. To f een the RF probe pads and the 1-b phase shifter sections so
structure 1s detiected to the bottom ground piaté. 10 10rm a S e piag may be applied independently while keeping the

rificial layer with the thickngss of 1.um for the .2-b Qesign F ground plane continuity. The area of the dc block MIM ca-
and 1.75um for the 4?b design, the photoresist is SP'_nfcoate?acitor is 80um x 140,um and the thickness of SiN is 0;8n.
and patterned by UV lithography. The patterned sacrificial lay 'RE measurements were made using a semi-automatic
is thermally cured to reflow the photoresist to the temperatuge, o - Apg probe station and HP 8510XF network analyzer
OT f.oo °C. II(\jngt,f the sc;aeg\f:ayerl lstevalp?.ratet?] and ar;] ele.Ctré)élibrated using line-reflect—reflect-match (LRRM) techniques
plating mold Is formed. Alter electroplaling the overnanging, o, wafer standards. The actuation voltage for most of the
bridge structures with gold, the sacrificial layer is ashed using=Ms switch is 15-20 V. Fig. 3 shows the measured and sim-
a pla_lsma Process. The thickness of the bridge ig.#0 Th_e ulated S-parameters of the 2-b phase shifter for the two phase
deta_lls of the fabrication technology have been reported in %Y5tes: all the MEMS air-bridges of the phase shifter are up in
previous paper [11]. the state of © phase shift [Fig. 3(a)] and are pulled down in
the state of 270phase shift [Fig. 3(b)]. The lumped-elements
model of the phase shifter unit cell in Fig. 1(b) was used for this
Fig. 2 shows the photograph ofla-band 2-b (270) dis- circuit simulation. For both phase states, the integrated spiral
tributed MEMS phase shifter that consists of two 1-b pha$d- choke for biasing results in the band rejection characteristics
shifters for 90 and 180 phase shift at 60 GHz. The chip sizenear 20 GHz. However, broad-band impedance matching is
is 6.3 mmx 1.5 mm (24 bridges). DC bias for each 1-b phasgbserved over a wide passband ranging from 40 to 70 GHz with
shifter is connected to the ground pad of the CPW line while tlilee return losses better than 10 dB. In Fig. 3, good agreement

I1l. M EASUREMENTS
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Fig. 7. Measured results of the 4-b (337 & 65 GHz) MEMS phase shifter. (a) Insertion loss and return loss. (b) Phase shift.

TABLE Il 0 0
PHASE SHIFT AND LOSSDATA OF THE 4-BIT MEMS PHASE SHIFTER AT 65 GHz T S e e T
) _ . —
° o o o o o o o =) 14 bridges /M
Phase State | 0.0° | 22.5° | 45.0° | 67.5° | 90.0° | 112.5° [ 135.0°| 157.5 ?2/ A 24 bridges 1 .10 %
Measured | 0.0° | 22.3° | 452° | 67.6° | 90.8° | 112.5 | 132.9°| 154.0° 3 o— 30bridges g
(=}
Phase Error | 0.0° | 0.2° | -02° | -0.1° | -0.8° | 0.0° | 2.1° | 3.5° g -10 E
[}
Loss (dB) 2.0 22 23 25 25 29 26 2.8 = &
Phase State | 180.0° | 202.5° | 225.0° | 247.5° | 270.0° | 292.5° | 315.0° | 337.5° -15
Measured | 179.2° | 200.5° | 221.6° | 244.5° | 265.1° | 284.6° | 307.9°| 329.2° 40 50 60
Frequency (GHz)
Phase Error | 0.8° | 2.5° | 34° | 3.0° | 49° | 790 | 7.1° | 83°
Loss (dB) 27 2.8 31 33 32 36 31 33 Fig. 8. Measured insertion losses of phase shifters with different numbers of

MEMS bridges (14, 24, 30 bridges) when all MEMS bridges are up in the state

of 0° phase shift.

between simulation and measurement validates the lumped

model of Fig. 1(b) used in the phase shifter design. Fig. shifters with three different numbers of unit cells were fabri-

shows the effects of the integrated spiral RF chokes and ®Rfed as test structures. Fig. 8 shows the measured loss of phase

0.3-um-thick SiN dielectric layer underneath MEMS bridgeshifters with different numbers of MEMS bridges (14, 24, 30

for avoiding a dc short. From the measured results of Fig. 4, thegdges) when all MEMS bridges are up in the state ‘gldase

losses from the integrated spiral RF chokes and SiN layer &ft. The loss of the phase shifters increases according to num-

estimated to be 0.62 and 0.13 dB at 60 GHz, respectively. bers of MEMS bridges and the corresponding losses at 60 GHz
Measured results of the 2-b (270phase shifter for all are 0.9, 1.5, and 1.6 dB, respectively. In this case, the loss can

switching states are shown in Fig. 5. The return losses are betierrepresented as

than 10 dB from 40 to 70 GHz and the average insertion loss is

about 2.2 dB at 60 GHz. The measured average phase error for Loss (dB)~ 0.063 x N )

all switching st'ates is 6.5% at 60 GHz. Detailed phase shift a\r/]v?]ereN is the number of MEMS bridges.

loss data are listed in Table II.

: . In other words, the loss of the unit cell in our design was
Fig. 6 shows the photograph of theband 4-b (337.9) dis- . . .
tributed MEMS phase shifter with four 1-b phase shifters foor'063 dB, which agrees well with the simulated loss of 0.06 dB.
22.5, 45, 9@, and 180 phase shifts at 65 GHz. The chip size
is 7.9 mmx 1.5 mm. The 4-b phase shifter was fabricated with
a 1.75um air-gap, which resulted in the increase of the actua- Two-bit and 4-b low-loss distributed digital MEMS phase
tion voltages. The switching voltage was 25-35 V for the 4-4hifters have been designed, fabricated, and tested for the first
design. Fig. 7(a) shows the insertion and return losses of tirae at V'-band. By direct biasing to the bridge membranes
4-b phase shifter at each phase state. The return losses for athit6ugh the spiral choke inductors, the MEMS phase shifter op-
switching states are better than 10 dB from 40 to 70 GHz and theates at reasonable switching voltages of 15-35 V. In addition,
average insertion loss is about 2.8 dB at 65 GHz. Fig. 7(b) illutie loss of the MEMS phase shifter was reduced through the use
trates the frequency-dependent phase shift for all 16 switchiafjhigh-Q MAM capacitors instead of the conventional MIM
states. The measured average phase error for all switching staggsacitor. Minimization of the dielectric loss in the loaded lines
is 1.3% at 65 GHz. Detailed phase shift and loss data are listedulted in low average insertion loss of 2.2 dB/2-b Q7&
in Table IIl. In order to estimate the loss of each unit cell, pha$® GHz and 2.8 dB/4-b (337 at 65 GHz. The phase error of

IV. CONCLUSION
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the 4-b design is as small as 1.3% at 65 GHz. Low-loss aps'mmzumm
low-voltage operation of this study opens a new possibility ¢

low-loss phase shifting devices Etband and above.
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