Radio Frequency Engineering
Lecture #3 RF MEMS

Lecture #3

Radio Frequency
Microelectromechanical Systems
(RF MEMS)

The main objective of this lecture is to give a basic overview of RF MEMS.
Emphasis will be placed on the potential applications and technological
limitations of this relatively new technology.
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OVERVIEW
&~ OSD Group MEMS Activities
&~ Commercial Applications
& What is (not) RF MEMS?
s RF MEMS Components
O switches and variable capacitors
s~ Reconfigurable Systems
O phase shifters, impedance tuners,
filters and antennas
&~ Commercialization
& Conclusions
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Lecrenarrmems 0 OSD Group MEMS Activities
Micromachining Technologies

4 Surface micromachining methods

e in essence, this technology is a basic extension to multilayer microfabrication,
except that sacrificial layers are incorporated

& Bulk micromachining methods

e anisotropic etching techniques on silicon wafers
o isotropic chemical etching techniques on GaAs wafers

& \Wafer-bonding methods

e Transmission lines can achieve incredibly low losses, making superconducting
technologies unnecessary is some cases
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Silicon-based:

* bulk micromachining « surface machining « BSOI + DRIE
Metal-based: boron etch-stop Polymer-based:

1906w w13d Mizd dEEsm

laser machining

e multi-level » UV- and laser-formed molds «
electroplating
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Turbogenerators (A. S. Holmes)

e mm-scale axial flow turbogenerator

» Polymer rotor, embedded magnets

e Energy scavenging from ambient air stream
for remote sensors

Guide vanes

Soft magnetic

material Top stator

Embedded NdBFe
permanent magnets

Bottorn stator

Flow Bearing Flow
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Electrothermal
——— Hydraulic Paraffin

Chamber

C ‘? — Packaging of

) flass Wax Microactuator
Based Devices

__Pipett
R

(e) Braille cell
7.5 mm

mlcma(.:tuatur e 3
c| (d) t=~1.5mm

(c)
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Full-Page Refreshable Braille Display

7.5 mm

|ewe|rex|nenrar

——
y i - 1 -
Piezoelectric
- s bimorph bars
J. S. Lee and S. Lucyszyn, “A micromachined refreshable ¥ Pins

Braille cell’, IEEE/ASME Journal of Microelectromechanical
Systems, vol. 14, no. 4, pp. 673-682, Aug. 2005

16.7 mm

14,6 0™
http://www.metec-ag.de/b10.pdf
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Micro-gripper Technology

Paraffin Wax
Microactuator

J. S. Lee and S. Lucyszyn (Invited Paper), “Bulk-micromachined hydraulic microactuator”, 3rd
International Conference on Materials for Advanced Technologies 2005 (ICMAT 2005) and 9th
International Conference on Advanced Materials (IUMRS-ICAM 2005), Symposium F
(Nano-Optics & Microsystems), Technical Session 7 — Actuator, Singapore, pp. 115-118, Jul. 2005
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(A. S. Holmes)

Activated
electrode

Instantaneous
contact point
\Y

(X
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volts
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| I a|!o len!| !0.

¢ ACPS (signal-ground) transmission lines on SU-8 on LRS substrate.
« Compliant Si cantilevers generate contact force on each pin.

Silicon

ol [T -

Conilian. Mechanical Interlocking

Prevents Dielectric Peeling

Test Device Si/SU-8/Au
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» Devices formed by surface tension self-assembly
— Mirrors, mirror scanners, microlens arrays
— Collaboration with BCO Technologies
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& Car airbag sensors

& Accelerometers in handsets (e.g. iPhone and Wii)
& Disk drives

& Ink-jet print-heads

& Digital Micromirror Device (DLP™) Chip
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Car Airbag Sensors

..;_:ﬁ‘_ t -.|-|. E-e |
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Digital Light Processing (DLP™) Chip

[ ['_ " Micromirror Pitch 1
il e |
| revon & e le - |
gy JEl o
: &
\ ~1
|
|
1

Invented by Dr Larry Hornbeck of Texas Instruments in 1987.

The DLP™ chip is probably the world's most sophisticated light switch.
2 million hinge-mounted 7.25 x 7.25 micron”2 mirrors.

Each mirror switches on and off up to several thousand times per second.
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Lt nsrivews 0 What is (not) RF MEMS?

& RF refers to frequencies operating beyond DC to sub-mm wavelengths
& lumped-element components
s distributed-element transmission lines
& quasi-optical techniques

& Microsystems refer to everything from micro-fluidics to self-assembly to
micro-electromechanical systems (MEMS)

& Employ functional components that are controlled under various methods of
actuation (e.g. electrostatic, piezoelectric, electromagnetic, electrothermal)

& Micromachined structures are not MEMS unless they incorporate moving parts
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T
E oéi?ode Piezocioctic

Film
‘_ ".'F"" 5 Thin-Eilm Bulk Acoustic Wave Resonator (FBAR)
Etched Via Interface
_A ><_ Market for RF MEMS BAW devices
Ramtar-Sats - 500
R P Million $
: | 400 1

300 -

200 +

Substiale ;;,!
L4

ACOUSTG IMpedance
Transforming Layers

100

Agilent (US) and Infineon (D): 0-

CDMA replacement of ceramic and SAW duplexers
CDMA and 3G replacement of SAW filters B Duplexers B Filters
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lctuators l-l Iy5|ca|. !sewer !C|ence, vol. !I-!l, pp. !I!-!!I, lpr. !Il!

o 100 e ——
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& The first RF MEMS papers started to appear around circa 1979

e.g., within an IBM journal, a paper was published on electrostatically actuated
cantilever-type ohmic contact switches

& There are very few examples of a complete RF system

& Notable RF microsystems include: self-assembly inductors, variable
capacitors, switches, phase shifters, tuners, antennas and transceivers

& Switches and tuneable capacitors are the most important RF MEMS
components and this has important applications in reconfigurable architectures
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*VCO
* Reference oscillator

Q) ur-PSCH

* Elec. Reso filters
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anol!er pa|!, an! are emp|oye! in: I

£ T/R switches within T/R modules
& implementing smart antennas (switched diversity)
& high performance variable attenuators

——————— . e ————
rwmi Ansnuating Paih :mm
Il

X

|

1

e emmd

« high performance impedance matching networks and phase shifters
& providing subsystem redundancy
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|mpe!ance matc!mg con!mons. !ne so’utlon is to !ave !I !!l! tuners.
1W PIN Diode Switches
& Compared to conventional mechanical counterparts, PIN diode microwave
Handset PA switches result in a significant improvement in mass, size and speed, but at the
M 2W expense of complex drive circuitry

& On-state requires high forward current

f 3w s PIN diodes can handle medium to large RF power levels
\ > 3W_/

1 & Off-state requires large reverse bias voltage
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, . . PIN diodes within HMICs and cold-FETs within RFIC/MMICs.
& Systems’ architectures can be greatly enhanced, in terms of greater

ngg:mzzgg 22: {)uenﬁo:];lg Z@:ﬁi?&i‘: e RS AT - A The latter is the result of the inherent compatibility with active-FET processing, but
P P ’ the performance is worse than that obtained with PIN diodes.
SERGEEs Erasiealne O HAA LIS aie e oSS, With both PIN diodes and cold-FETs, intermodulation distortion presents serious

& General requirements for an RE switch include: Islm;t?c)t:%r}z;;lr:gher RF-power levels, however, general PIN diode performance is

« High “performance figure-of-merit”, fc = 1/(22R,,Cee) With good return loss
e.g, M/A-COM’s MA4AGSW1 AlGaAs SPST reflective PIN diode switch:

sghlinhonerationalbanduddiy & ON state insertion loss of less than 0.4 dB, from DC to 50GHz
& Low control power & OFF state isolation better than 45 dB, from 18 to 50GHz

T o Lty T b Lty
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GaAs FET Switch

& The FET switch is a 3-terminal device, with the gate-source bias voltage controlling
the states of the switch

o the cold-FET acts as voltage-controlled resistor, where the drain-to-source
channel resistance is varied

o the intrinsic gate-to-source and drain-to-gate capacitances and other parasitics
limit the performance of the FET switch at higher frequencies
W, p—

- O St

g A A
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« In recent years, PIN diode switches have been increasingly replaced by GaAs FET based
monolithic switches

& GaAs FETSs are ideal for low to medium power applications:
o simple control biasing
e low DC control power
o faster switching speeds (nanoseconds)

& SPnT switches, with on-chip control circuits, have made possible the realisation of new
architectures for wireless applications

= MMIC switches capable of handling an RF power of more than 100 W at high switching
speeds have been reported by Katzin et al.

« Intrinsic parasitic components within its equivalent circuit model kills performance
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Series FET Switch Insertion Loss Performance

& on-state insertion loss decreases as total gate periphery increases (low channel resistance
dominates and this is frequency independent)

s off-state isolation decreases as total gate periphery increases (equivalent capacitance
dominates, thus very frequency dependent)

O IS} X S o dB(Sx) - OB{S] O GBS x  OB(San)

o dB{Sy) « dB(Sul
BOOFETOMN  40OFETOM BOOFETOF  400FETOF  300FETOF  200FETOF

)

=8 10 ;. [ 20
trequency, GHz irequency. GHz
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s Difficult to achieve high isolation with low insertion loss by scaling size

& Another approach is to resonates-out the parasitic drain-source capacitance
with a shunt inductor, to provide isolation of the order of 40 dB

& Higher-order series-shunt configurations are necessary to achieve the desired
low insertion loss, high isolation and good return loss characteristics

Improved Isolation Reflective SPST Switch using Series/Shunt Combination
INPUT ©—1 ! O OUTPUT

c A
C C
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PE42671 UltraCMOS™ SP7T RF Switch

¢ Industry’s first monolithic 3GPP IMD-compliant SP7T switch
2 GSM/PCS/EDGE TX ports
2 WCDMA TX/RX ports
3 RX ports

* World’s most linear SP7T switch
(IP3 = +68 dBm)

« Operating voltage = 2.75 V ] | PE42671

* Meets dual-band WCDMA and GSM
requirements

Peregrine Semiconductor Co.
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Y-address ¥ signal

in the beginning ...
K. E. Petersen invented RF MEMS,
(IBM Res. Div. Lab., San Jose)

Published in 1979

L
50 em

X psignal

X-address —

X sigeal

Xoddress

N

4-node éross-point switching array. b
Ohmic contact switches require 48 V bias
and exhibit 5 Q contact resistanpe
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Cr-Au-coated 0.4 pm thick SiO2 membrane
cantilevers over 6 pm deep silicon cavity
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MEMS Switches
Electrodes (Two generic types)
& Ohmic contact switch has:
e high open-state isolation
o low closed-state insertion loss
o considerable force is required to create a good contact
e microscopic bonding of the metal surfaces
o highly susceptible to corrosion and stiction
e.g. single-pole single-throw suspended beam-type switch can have a performance figure-
of-merit of 90 THz, Rockwell

& Switched capacitance switch has:
e compromise is made between insertion loss and isolation
e insertion loss is independent of the contact force
o electrode separation need to be maximised
o higher lifetime (typically several orders of magnitude)
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RF MEMS ws. PIN AND MESFET SWITCH COMPARISON
MESFET  PIN Diode MERS

Serles resistance (£2) 3to b 1 <1

Ioss at | GHz [dE) 0.5t 1.0 05t 10 0.1

Isolation at | GHz (dB) 20 to 40 40 =40

1P3 (dBm) 40 to 60 A0 to 45 = B6

| dE compression (dBm) 20 to 35 2510 30 =33

Size [mm?) lta5 0.1 <01

Switching speed — s — us — US

Control veltage (V) 8 3ol 3o 30
Control current = 10 A 10 mA = 10 pA

Fomeon 19 372555 S @ UT-PSC g
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- Ohmic contact switch
-R=\

, ) i Laus

10
Frequency (GHz)

Sy gim
MEMS
1 PIN
T FET
-2

« Extremely low insertion loss and amazing isolation up to 120 GHz

C (Emmmas
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& Various conflicting parameters need to be considered:
physical size, switching speed, actuation voltage/power and RF power, etc.

& Electrostatic actuation:

« small switches that are robust and simple to fabricate

o fast and tolerant to environmental changes

o consume power only when switching between states

o residual power is required to hold in the actuated state

 low actuation voltage with good isolation is difficult
— typical MEMS capacitive membrane switches can have
Con/Core Of 10 to 100 but an actuation voltage of 40 to 75 V
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o differential contraction causes the structure to bend
o fast switching speeds can be obtained
o usually a differential thermal expansion of different layers
e integrating piezoelectric materials
— films are difficult to pattern
— processing requires high crystallising temperature

4 Magnetic actuation:
e low actuation voltage
e high contact force
e consumes significant power in the actuated state
o large and slow structures
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A A Displ t Transition Remarks
voltage power time

Difficult to fabricate &

Piezoelectric v v v v parasitic movement
due to temp. variations

Electrostatic x v x v

Magnetic v x ‘ v ‘ -

|

Thermal v x v - Parasitic movement due

to temperature variation
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* Biasing cirenits decoupled from RF Cirenits, -0 ™ T T
* Dimples for improved contact.
+ Actuation voltage = TOV
TR =1-20, C, =175 IF g 1L |
f,= 125R.C,) = 90 THz i
* RF Performance: b
Loss = 12 dBat 10 GHe i
Isolation = -40 dB at 10 GHz 8, b

' 1 Il I i
] 10 o X «© 0 “
Frequency [GHz)
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bk o ko8 o2 & -

Diclectric

Capacitance Ratio 70110
Cutoff Frequeney 18,000 GlHz

Switching Speed <10 s
Intercept Point =406 dbim

Switching Voltage  30-50 volts — -
Sise 280 = 170 pm Mmuhn.-
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Commercial RF MEMS switch, Electrostatically-actuated cantilever-type
HRL Laboratories

metal contact switch for microstrip:
Insertion Loss < 0.2 dB

Isolation > 20 dB

On state Return Loss > 20 dB
Switching Voltage < 5V

Switching Time < 1 ms

DC Actuating Power < 1 uW

Switching Energy Dissipation < 1 pJ
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=

See-saw-bar Ohmic
contact switch,
Chiao et al.

-I T
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Pacheco, et al.
University of
Michigan:

9V actuation with N =5

i 2ande ' Capacitance ratio

= 2.5 pF/47 fF = 48

Insertion Loss
=0.16 dB at 40 GHz

Isolation
=26 dB at 40 GHz
Number of meanders | V. - Design | ¥y, - Measured
1 iwy sy
2 275V 28Y
3 18V 0V
] [EZRY 15V
] L7V 9y
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A linear-actuator driven Derrick-type ohmic switch, Chiao et al.

# Lateral movement of the microactuators (20 nm per 70 V to 120 V biasing pulse)
is translated to rotational movement of the arms
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& Thermal actuation:
o relatively very slow
e consumes significant control power

PSCg
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5V thermally actuated ohmic contact switch, Blondy etal.

Post Dielectric bridge
"' Resistor

Contact Off state

I On state [
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* Measured data from 0.1-3 GHz

= IL = i1 dB, isolation <-44 dB

« Excellent performance up to 20 GHz

* Switeh Netwaorks, Switched Filters, ete..

b fine {godd)
L}
Fevi-microstrip -
et g
02
g
oa =
0.5

a os 1 15 2 28 a
Frequency (GHz)

D i |
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Cantlever2(5) . 40-60 GHz SPST Switch

............. : e %
AMLCEM | ¢

High Isolation/Power
3D MEMS Switches & Sl eompiny

Cantilever-1 (Si) Metal Plated
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Amplifier DUT Attenuator
(+39 dB) DC block DChblock (-30dB)

Isclator RF probe RF probe I
Isolator @

Power
meter

RF source

Measurement setup for high power testing at 10 GHz: Under HOT
switching, it was found that the switch can operate with 4.6 W of RF
power at 10 GHz, without any observable degradation in performance.
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DC-6 GHz SPDT Switch

v
avely 000000000000
- . .
%4284 Microsaic Systems Lid

Low Power, Low Voltage MEMS Switch
for Space Communication Systems

Requirements:
SPDT switch for operation to 6 GHz

Low switching power and low
actuation voltage (3 V)

Latching for zero holding power in
either state

Broadband operation

High isolation

In collaboration with L

EADS-Astrium Ltd =B

ur-PSCgw
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Signal & = GE1
EHT=2000KY WD= 17mm Photo No. = 8386
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+ TFMS transmission lines on glass
— Laterally compact
— High field confinement
— High isolation

* Thermal actuation
— High contact force
— Low voltage
— Latching needed

» Bonded silicon-on-insulator (BSOI)
— Mechanical reproducibility
— Long life-time
— High-aspect-ratio structures

TFMS RF 4 bond pad
Hgnal ling

/
i ]

s 1 )
Actulor wring and Glass substrate

o contact pails
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DC to 20 GHz SP8T Switch

Rotor release from the sacrificial
layer and assembly onto stator

RF MEMS Rotary Switch | Im\
crSRC | = —— =

SgrelA SE|  Duie A7 Jun 2006 I Sgral A= SE1  Duin A7 Am 2008
Pctaha = 1538 Tems 31834 —_ EMT2000W WO» 4Dmm  PhetsMo s 1568 Teme 4GTAT
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tg (um)

stable at ¥ =0

Drive torque, Ma (u-m)

Cut-out =120 x 75 um2 throughout

Contact point position, ¥ (rads/rt)
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Sean oE e - =
L eTIOIM e SEmm ik 3078 e et Fandf E1 nwm o8 fen o

P =rI00 ke 3w e - 2367 G T
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(FOUR) 4 Ll

Input
(THREE) 5

8 (ONE)
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-5 T T T T
0 2 4 6 8 10 12 14
Frequency (GHz)

0 T——

Glax excluding
\ feed lines
1 - -
GMax Including
\dlmes \’\\
2 \

N

Measured
with 50 ©
reference
impedance

Insetion loss (dB)
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Plan view:

Risareg ™ 1 162 22
Licreg = 5 p

Conaer = 4664 IF

Rp=5090

1
i
Cre= 575 (F
Cor L6680 442 1] Com
|
"I

ON-state model

Intrinsic
Bearing
Imﬂal CC'“ege ARF T 7w« X 4 Stepan Lucyszyn
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Variable Capacitors

Variable Plate Separation Capacitors
& MEMS parallel-plate capacitors with microactuators to vary the plate separatlon

Farallel
Plates

1 x 1 mm? MEMS capacitor, Chiao et al. Arms

 gap spacing can vary between 1 um and 100 pm, in 20 nm steps
e capacitance varied between 0.5 pF and 35 pF
o the >200 V breakdown is higher than for varactor diode

Imperial CO"Ege AF Ty e R4 Stepan Lucyszyn o
London AVRYTA ALy Y uy RUUHE UT-] PSC (‘,
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Variable Plate Area Capacitors
& MEMS parallel-plate capacitors with microactuators to vary the overlapping plate area

MEMS capacitor, Chiao et al.

rhi.'..,-um__g_

o tuning linearity can be more importance than dynamic range, so circular plates are used
o circular scratch drive actuators are on the edges and move in the opposite direction
o the gap between the plates was 2 um and a 0.5° increment in angular rotation was achieved

|I'I"IpEl’ia| C0||ege AT T7 /1,:/;(’,{ v Stepan Lucyszyn o P
London AVRITN Ly Y- ay FREHE UT—PSC (-,
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Bulk- machmed smcon varlable capamtor DeNatale

e Rockwell has |mp|emented MEMS tuneable capacitors, using high aspect
ratio single-crystal bulk-machined silicon

e high linearity, reduced part count, smaller size and low power consumption
e e.g. Q-factor was 265 at 500 MHz and maximum capacitance was 6 pF;
the 5.3 V tuning voltage gave a 4:1 capacitance tuning ratio

Imperial College x5 7: - 1o x> StepanLucyszyn 0
London AVRYTA DLy Y vy RS U

1-PSC
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AT CHING! AT C G
Tureng RECONFIGLIRABLE TUNING:
MAPEDANCE IMPEDANCE BIPEDANCE
n-ErEch DETECTION ANTENIA DETECTION _ CHICANT
> -+ I H .}
AMTEMNA : H RECORFIGURABLE

CORTRAGL} - et ANTENNA

(a) (b} (e}

Transmitter antenna architectures with impedance/matching detection and control
circuits: (a) fixed frequency antenna with impedance matching tuner; (b) reconfigurable
antenna; and {¢) reconfigurable antenna with impedance matching tuner

e o e I o e
Frren e e
(b) () (dy

Band-selection receiver architectures with filtering realized with: (a) a switched
filter bank, employing SP»T switches: (b) a tuneable BPF: (¢) a tuneable bandpass L.MNA; and
(d) narrowband reconfigurable antenna selectivity

Imperial CO“Ege AF 77« )y A ¢ Stepan Lucyszyn 0
ARYTA BT my R uT-PSC e 4

London
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Integrated
system

| Packaged RF Microsystem

]

Electromechanical RF MEMS RF MEMS Non-MEMS Fabrication
Actuation Components Circuits 2 Micromachined Technologies
Subsystems RF Components

scratch- 1ve — .
1 routing antenna
electrostatic non-radiating —
(cteromane ]| | (oot S
line inductor surface
E prezoelectric ] ! atte““atorl micromachined

electromagnetic inductor L ilter | tuner

(_ctectrothermal | etor | ﬂmpeaﬁm ey

electrothermal tuner

— capacitor nductor Tl
I ﬂ phase ﬂ o micromachined

thermo-hydraulic guided-wawve

“ swritch shifter structure

t t t t
Imperial CO“Ege AF T 57« VR4 Stepan Lucyszyn 0 i '_
London ARYTH - ALY - uy KR UT—_PSC ,
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Phase Shifters

& A phase shifter is a control circuit found in many microwave communication, radar,
sensor and measurement systems

& MMIC were developed so that phase shifters could be miniaturised for phased
antenna array applications (MiMiC Programme in the US)

« In principle, sub-1 dB worst-case losses would relax both transmitter power
amplifier and receiver low noise amplifier specifications

& For phased-array applications, low DC control power and repeatable batch
processing is important

# In order to understand the subtle differences between the two main generic types of
phase shifters, both the true phase shifter and the true delay line must be defined

Imperial CO“Ege AF T 57« VIR 4 Stepan Lucyszyn 0 i
London AVRUTNHLy Y- ay FoMSE UT'PSC (' ’

Radio Frequency Engineering
Lecture #3 RF MEMS

Digital Phase Shifter Topologies

4-bit Switched-Line Topologies

& <‘_D_D_. ,‘_[.;]_[E, ,ﬂ&

180° 90° 45° 22.5°
stage stage stage stage

RF ot

in

[ -,
RF,, ™.

4-stage implementation,
requiring 8 SPDT switches

Switches

By R

Imperial CO“Ege ARF 757w« X 4 Stepan Lucyszyn
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MEMS Digital Phase Shifters

Pillians et al. (RAYTHEON SYSTEMS CO.) reported a 4-bit monolithic 32-36 GHz
switched-line delay line with microstrip on HRS

DC Bias

Resonant
RF Ground PacE
RF Input RF Outp ut
RF MEMS De-Coupling
Switch Resistor

180° Bit 90° Bit 45° Bit 22.5° Bit

e MEMS capacitive membrane switches were used with
Con/Coge ~ 100 and an actuation voltage of 45 V

Imperial College x5>5> .1 sStepan Lucyszyn o PS
London AVRYT A By ny FUERdE UT L

Xe
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&

g =
Return Loss (dB)

Insertion Loss (dB)

-20

Frequency (GHz)
o at 34 GHz, the insertion loss was low at ~ 2.5 dB and the return loss was > 15 dB
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Kim et al. reported a DC to 40 GHz 4-bit true time delay network on GaAs
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270°

2-stage implementation,
requiring 4 SPAT switches

Imperial College x5y .1 s x > StepanLucyszyn o ut-PSC C '
: o Mo TL
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3-bit Distributed Line Reflection Topology

RE. ,—— A o= A e A e A e A e A e A
out A/16 A/16 A/16 A16 A6 A6 A16

1-stage implementation

RE, = A = A e T A = e
in A/16 A/16 A/16 A16 16 A6 16

RFout

i

M 45°-stage

d —I:If‘
/16

>< s 90°-stage  3-stage implementation
4'—!:If
I: A8
——X—I:I—{

RF;, e

180°-stage

Imperial 'CO"Ege AF 757« LK 4 Stepan Lucyszyn |
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Malczewski et al. (RAYTHEON SYSTEMS CO.) reported a 7-11 GHz 2-stage 2-bit reflection-
type delay line (i.e. 4-bit in total), with tapped delay line reflection terminations

00207 Carriar Plata

i2PL) 12PL)

0/90/1 807270 Shifter s §
RF Input ——3» " o | 3F Output —»

“Hot” Membrane

i Blocking Caps Alumina
DG Bias @ {8 PL) CPW-Microstip
Pade __ % I i AR TR Transitions
iz PL) 1 Ground {2 PL)
Connections

A N

othe same transmission line medium, substrate and MEMS switches were used
as with the previous RAYTHEON SYSTEMS CO. switched-line example

Imperial co"ege AT Ty v« VX 4 Stepan Lucyszyn | )
London AVRYTA By - my Rt
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Insertion Loss (dB)

Frequency (GHz)

e at X-band, the measured insertion loss was around 1.5 dB, with 60% of this loss
being attributed to the Lange couplers

Imperial College ARF 75« X 4 Stepan Lucyszyn
London AVRYITA - HLyD - uy FUiEge

ur-PSC 9
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4-bit Lumped-Element Reflection Topology

RF,
4-bit 1-stage implementation,

requiring 2n SPST switches

RF,,

4-bit 1-stage implementation,
requiring 2 SPAT switches

RF,

2-bit 2-stage implementation,
requiring n SPDT switches

RFy —

Imperial College ARF 75« X 4w Stepan Lucyszyn
London AVRYTN By mr RS
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DC-4 GHz 2-Bit Phase Shifter

1.1 mm open cirenit stubs 1.1 mm open circuit atubs

1.5 mm feed hne
G

1.1 mum open circut stubs 1.1 mm open cureuit stubs

TLINP model parameters: elay line 2 1
Z, =500} Lo =16.20 mm
Egy=23 Log = 4152 mm
Loss = 0.09 dB/mm L™ 6684 mm
- fo=10GHz L:75=92.16 mm
Imperial College z77 7. . 1s x4y stepanLucyszyn PSC
London LRYTA - HLy T -y Rl UT-E oL
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IS

Insertion Loss (d

- |nrme:wna»(dcn
R

— Measured 10
— Predicted — Predicted

o 1 2 3 4 5 6 7 8
Frequency (GHz)

| — Measured
06
— Predicted
. —
— 05 e S
2
180°

90°

180°

270°

0 1 2 3 4 5 6 7 8
Frequency (GHz)
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& Asliding planar back-short plate on top of the planar transmission line forms a
variable position short circuit

e in 1996, Lubecke et al. demonstrated a CPW MEMS tuner (under mechanical
actuation) in a monolithic integrated circuit at 620 GHz

e Chiao et al. reported a similar planar impedance tuner in coplanar strip technology
(under electrostatic actuation)

Imperial College =x5>>> . 1oy Stepan Lucyszyn
London AVRYTA - By T - vy RS
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Imperial College z777: . 1v x4y stepanLucyszyn
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Lecture #3 RF MEMS Fi lters

& Lumped-element is most common
« Distributed-element, with capacitive membrane switches
# Distributed-element

& Low intermodulation distortion products

& Cheaper than the better YIG tuneable-filters

& While planar RF MEMS filters have demonstrated a Q > 40,
Wireless communications (e.g. GSM/CDMA) require Q > 250

Imperial College z77 7. . 1s x4y stepanLucyszyn
London AVRYTN ALy Y ay KRR !_JI—PSG_
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Tserton Logs 16y

R R
AN
N
N
o )
E

S
/

1500 2 2500 MMy 3500 A0 4500 500

d ;i 1K}
T, Freguency (IMHz)
+ Dramatic (90%) parts count reduction validated for MEMS circui‘
+ Higher loss at low frequency due to reduced capacitor Q {5 Rocewe
Imperial College =x5>>> . 1oy Stepan Lucyszyn PSC
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Gold,
Alumina
G[ Pld 1

CPW  line (W=G=100 pm, ground
conductor=300 um) loaded by a  micro-
electromechanical bridge.

cva  propa eva2 propa cva

Imperial College =x5>>> . 1oy Stepan Lucyszyn
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cPSRC

Silicon substrate

60/76.5 GHz MAMS Line Filters

RE Port  gg MISUEeH
Changes for the Betrer

Hollow post

RF Port
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0 0
~ 10 F -10
Q o
S .20 t S 50
= =
o -
Q30 ¢ ® -30
I =
g g 0
-50 -
-50
-60 60
20 30 40 50 60 70 80 90 100 110 h
20 30 40 50 60 70 80 90 100 110
Frequency (GHz)
Frequency (GHz)
Predicted performance for the 60 GHz filter Predicted performance for the 76.5 GHz filter
(without feed structures) (without feed structures)
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_—

300um Signal A = GE1
EHT =1927 1/ WD= 40mm Photo No. = 4258
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S E
g 0.1 3
£ E
8 4
s 0.001
z ;
o 0.00001
= E
& 0.0000001 +———rrrr——rrrr——r

107"’ 100 1000 10000 100000
Frequency (Hz)

It can be show, that the angular resonant frequencies for a clamp:free beam is given by the following expression:

p is the density of the beam material
is Young's modulus for the beam material

E
E| 3 A is the cross-sectional area of the beam
.= 3. — I is the second moment of area
@; ﬂl I =wt /12 w s the width of the beam
Imperial CO"Ege AF 75« )y A ¢ Stepan Lucyszyn PSC
London AVRYTA BT my R UT-EOL.
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55 56 57 58 59 60 61 62 63 64 65
Frequency (GHz)

Insertion Loss (dB)

For a 60 GHz centre frequency, the A/4 coupled-line dimensions are:
Length = 1230 pm; Thickness = 9 pm; Width = 5 pm; Separation = 7 um;
Height below the electrical ground pla 0pum

Imperial College =x7>>> - 1o x> stepanLucyszyn
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: - o

5 ov

5V

- 10v o 60.92
o - 15V
ﬁ ; 20V 5
8 By < 60.88
) 32v 2
S0 S 60.84
& 1 g

12 “ e0si

A3 s

-“eo 6025 605 6075 61 6125 615 60.76

" i y s 30 5 10 15 20 25 30 35
Frequency (GHz) Q,
100 ﬂ"‘ﬁ\ 25 Tuning Voltage (V)
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-8

20 pm height
MAMS line

EY

with no deflection
ELE

W\
i M ' 3 um deflection

with ~150 V bias

2000

on all cantilevers

0]
40s0.]

a0

wio wio wio Tk TRie
Freators]
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Antennas

& A planar MEMS reconfigurable V-antenna has its far-field radiation pattern altered under
electrostatic-control

& The 17.5 GHz antenna uses a 3-layer polysilicon surface micromachining process

& Each antenna arm is capable of independent movement, for beam-steering and beam-
shaping

5 Lateral movement of the microactuators (20 nm per 70 V to 120 V biasing pulse) is
translated to rotational movement of the arms

& The directivity for the antenna was estimated to be about 38

Imperial CO“Ege AF T 57« VIR 4 Stepan Lucyszyn 0 i
London AT By - uy By UT-PSC \C ’
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MEMS V-Antenna, Chiao et al.
& The 17.5 GHz antenna uses a 3-layer polysilicon surface micromachining process
& The directivity for the antenna was estimated to be about 38

Reatlne Fan st 1

Imperial CO“Ege ARF 757w« X 4 Stepan Lucyszyn
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A chesuplatel skl 0 . . .
ek e i =l 60 GHz 2D Beam Steering using Magnetically
" Actuated Polymer-Based Hinges, Baek et al.

HCR fiame

CH hinze

Element Faster Fadiaton paziem
e SeryEonine withais ratation

witheut retatien

INNRRRES

-

rotational
iis

et O

Mechanical tilt

¢ . clecwoplased aodd
eloctroplated Ni  pround planei
Si supporting Frame (-]
Fig. |. Simulation results of the element factor, array factor, and rodiatic
pattern when: (a) the antenna elements arc fixed and (b) when the anten
elemenis are mechanically rotated to 437,

Imperial College ARF 757w« X 4 Stepan Lucyszyn j £
h ? ur-PSC e
-

Fig.2. Schematic view of the 2-D beam-steering antenna.
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Flying Office concept using a
reflectarray antenna, as proposed
in the RETINA project (EADS)

REFLECT ARAY
s

B a - \ ol

r————

Imperial College AF 77« My K4 StepanLucyszyn @ . <
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Reconfigurable RF MEMS Reflectarray Antennas
Roberto Sorrentino, EuCAP 2007

Feed --..._.*» Qrw -
Spherical wave / \

shorted ended line with
lengih {phase-shifters

CPIV

10 x 10
reflectarray
for 26 GHz

Satellite

Comms

a s
Phase Shiter State
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London ARYTH Ly Y vny RS

Radio Frequency Engineering
Lecture #3 RF MEMS

_~ stopped RF MEMS

Commercialization <

Bold: prod by end 2005

DARPA (USA)

National and International Bodies

5th and 6th European FP, ESA, National Asian programs in J, ROK, Sing.
— L

MEMS Foundries RF + semicon. . RF CAD & EDA
MECMS FABsi) P Tronic's (F) foundries MEMS Packaging APLAC (FIN)
Soventor (US7 DALSA (CND) Jazz (USA) Shellcase (IL) Modelithicss (USA)
s IMT (USA) Peregrine (USA) Hymite (DK) Sonnet (USA)
IntelliSenseSoft (USA) APM (Tw) ey Agilent (USA) .

Imperial CO“Ege ARF 757w« X 4 Stepan Lucyszyn
AVRYTN I Ly Y vy RS
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The last
( RF MEMS manufacturersi_\ Y years
Academic R&D RF-MEMS Start-ups | | arge IC and MEMS Integrators with own
Radant (USA) Manufacturers “gigi:z":;;’;’“;’: Integrators
Xcom (USA) ) Defense & aerospace
Michigan Uni (USA) Magfusion (USA) Agilent (USA) Raytheon, Rockwell, & users
Purdue (USA) Teravicta (USA) e ((322)’ #lsrtlhrog: ?rgz\é ((LLJJ?(/;)
Di USA) ales (F), )
SSroaleitSy) u;?:::; ((USA)) Motorola Labs (USA) Raphael (Il), EADS (D)... Wireless telecom
IMEC (B) Siverta (USA) FreeScale (USA) Daiml : terminals and
CEA LETI SiTime (USA) s o Automotive Infrastructure
s (F;F) SiliconClocks (USA)... nfineon (D) ® - B)
Tokyo Uni. (J) MEMS Start-ups Philips (NL) Automotive
KAIST (ROK) MEM: lution (ROK) Samsung (ROK) RF devices manuf.
GPSC ESgp-; MEl\issgAu; ?Fnll‘.lsi ) NEC (3) Fujitsu (J) Matsuchita (J) Space & Defence
ITRI (TW)... G LG (ROK) Epcos (D), Murata (J)
Protron (D)... /

WiC
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S ngtusion
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Core Technology - world's First Magnetic Latching (Maglatch™) Switch

Basic Structure

The basic MagLatch™ switch consists of a cantilever, an

embedded planar cail, & permanent
necessary electrical contacts,

Operation Principle

+ Short

-

current  pulse  through  switch  coil
ternporarily aligning rmagnetization of cantilever
to left or right
Static external magnet field instantly latches

switch in open / close position

-

.

Switch maintains state until next switching signal
realigns cantilever magnetization

Relay requires / consurmes no power to maintain
open / closed position as a result of patent

pending latch technology

Magfusion went bust late in 2005, just
after its foundry partner PHS MEMS

rmagnet, and the

MagLatch™ Photograph

) ur-PSC O

contact
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TERAVICTA

TeraVicta (US, start-up)
Sampling since 2003.
Ramping up production with Chinese partner
Primary high end commercial markets such as ATE

Looo

0,900
0.5 0 e GafAs FET
2700
go.soo
Joso0
FoMo0
So.zo0 Teravicta
S

Eozoo

0100 N bt

Q.00

TeraVicta closed its business and manufacturing
operations, with effect from mid-February 2008

FREOQUEMECY (GHZ) .I Y l.=D.HTFIl:=T
Packaged part insertion loss comparison ORAIN
Teravicta RF MEMS switch vs. GaAS FET

Imperial College =7~ >> - ns x> stepan Lucyszyn ‘QE‘*
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Glass

Silicon
78
Fixed electrode
Fixed contact N\ /
Glass
\ 4 Signal line
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OMRON

. Part Number: 25MES-01 :
RF MEMS Switch lewi =
Realed Carry Cumant DC: 100mA
Mechanical RF Switching RE_30dBim

Relay Based on MEMS W 3wiching Vehoge e
Technology . Miax. 5 witching Current OEmA DT

Miax. Swilching Copacity 025mW

Combining its long history of
criive ralay prod ith i
MAEMS [Micro Elec

Syrtem) expatisa, Omron hos daveloped B
a new RF MEMS Switch to maet the 1 ! tealation - | sode | -
requiremants of the ATE markst. Using on - . : ] Iresrrion Lags = 1B | 3dB
slactmstatic drive machanism, the switch okl Size 1 al Return Loss = 10dE —
combines the desirabls HF ch a e 52 3.0x 18nm 3 3 oy Weax, Poak Power BedBm | — =

of electromechanical relays with olife R W ‘e Carry Power 20dBm = =

Neotas:

1. The Impsdancs of the neaswsmant sysiem |5 5001
2. The obove volies are Intiol voluss.

3. Tho valuze orefor a bad with YSWE of <12,

Imperial C0||ege RF 757w« R 4 Stepan Lucyszyn Q;%;;} [_ ’r Ps(w (.. ,
&) UT-E DOy
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Ohmic Contact Switches
e Wafer-to-Wafer Bonding via a Glass Frit
Process is Employed to Cap the Individual
Switch Die
» Provides Hermetic Environment
» Low-Cost Packaging Solution
» Optimization is in Process

® RMI has Produced Fully Functional Devices
with Promising RF Results
» High-Lifetime: =101 Cycles
» Optimization of RF Performance is in
Process

London A RYTL B my RosEi
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| 1 0.00
— Y
§ ”..’_-_ﬂmummss
720,00 i — 0.10
s ot | g
E # —Isolation (dB) ¢
£30.00 et i 0.15 5
[ ——Return Loss (dB) §
of .
£ / —= Insertion Loss (dB) E
F40.00 | 020
H
50.00 Insertion Loss L] 025
" .
£0.00 ‘ ‘ 0.30
0 2 4 ] 8 10 12
GHz
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Typical specifications for commercially available Radant MEMS switches|
(C and H refer to the “cold-switching” and “hot-switching™ modes of operation. respectively)

Functionality | Model Number | Frequency ON-state OFF-state Switching Maximum
Range Insertion Isolation Life Cycles | Dimensions
[GHz] Loss [dB] [dB] [mm?]
SPST RMSWI101T™ decto 12 =032 =12 10 at 190 x
at 10 GHz at 10 GHz +30 dBm (C) 185x
10° at 0.60
+36 dBm (C)
+20 dBm (H)
RMSWI100TM dcto 12 =10.28 =11 10 at 142 x
(low 10ss) at10 GHz | at 10 GHz | +30dBm (C) 137x
10° at 0.65
+36 dBm (C)
+20 dBm (H)
RMSW201TM dcto 20 =0.6 =18 104 at 190x
(high at18GHz | atlS$GHz | +27 dBm (C) 185x
isolation) 10° at 0.60
1s0 +33 dBm (C)
+20dBm (H)
RMSW200TM dc to 40 =05 =12 10 at 142 x
(broadband) a38 GHz | ar38 GHz | <27 dBm () 137x
10° at 0.65
+33 dBm (C)
+20 dBm (H)
RMSW200HPTM de to 40 <05 >12 1017 at
i v at 38 GHz at 38 GHz +36 dBm (C)
(high power) 10°at
+42 dBm (C)

+20 dBm (H)
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Typical specifications for commercially available Radant MEMS switches
(C and H refer to the “cold-switching™ and “hot-switching™” modes of operation. respectively)

Functionality | Model Number | Frequency ON-state OFF-state Switching Maximum
Range Insertion Isolation Life Cycles | Dimensions
[GHz] Loss [dB] [dB] [mm?*]
SPDT RMSW221TM de to 20 =08 =25 10T at 196x
(high at18GHz | atl8GHz | +27dBm(C) 166x
isolation) 10° at 0.60
isola +33 dBm (C)
+20 dBm (H)
RMSW220HPT™ dec to 40 =08 =12 1010 at 145x
(high power) at33GHz | at35GHz | +36 dBm(C) 140x
10° at 0.65
+42 dBm (C)
+20 dBm (H)
SP4T RMSW240TM de to 20 =07 =23 10T at 196x
at 18 GHz | at 18 GHz | =27 dBm (C) 196x
10Pat 0.60
+33 dBm (C)
+20 dBm (H)
SP6T RMSW260T™ deto 20 <0.8 =22 10" at 196x
ar 18 GHz at 18 GHz | +27 dBm (C) 196x
10%at 0.60
+33 dBm (C)

+20 dBm (H)
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Preliminary

SP6T RF-MEMS Switch
H I] T DC to 20 GHz
M E s e R carc

na
RMSW260™

Features
m High Isolation (>22 dB typical @ 18 GHz)

m Low )Insertion Loss (<0.5 dB @ 10 GHz, <0.8dB @ 18
GHz

m Near Zero Harmonic Distortion

m No Quiescent Power Dissipation

m Long Life (typical lifetime >100 billion cycles @ 27
dBm, >1 billion cycles @ 30 dBm)

m Hermetically sealed die designed for die-attach and
wire-bond to board. Please contact us for other pack-
aging options.
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The RF MEMS switch hype curve
Visibility
i

First commercial samples at

Magfusion & Teravicta 25,000 -

switches at Radant for AFRL ﬂTc
RFMD and NXP
confirm plans for cell phones
Ramp-up for
Simpler Network
Serial prod. Starts at

Bankruptcy of Teravicta, Radant...
PHS-MEMS

followed by g
M, i =
agfusion @ s
£5
o
o
5 i
55
Peak of EE
Technology inflated Trough of Slope of Plateau of EZ
trigger expectations disillusionment enlightenment productivity
2000 2003 2004 2005 2007 2010 Time
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Existing RF MEMS switch companies: Radant, Advantest, Matsushita and Omron

Companies sampling switches for selected customers include WiSpry for mobile
handsets and MEMTronics and XCOM for high-end applications like defence.

$5 million worth of RF MEMS switches were sold in 2006, but is expected to surge
to $210 million by 2011. Nearly half of that total will go into test and instrumentation
applications.

At the module level, reconfigurable power amplifiers and antenna modules for cell
phones should exceed $150 million in 2011.
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RF MEMS switch market forecast

250" WTC
5 - Aerospace and defence
Z 200
E D Test and instrumentation
W
= 150 - j Telecom infrastructure
100 - Mobile phones®
50 -
e :
2006 2007 2008 2009 2010 2011 W%
* Figuras ondy for additional cost of MEMS switchas. Markat E;
for AF MEMS based madules in call phone much highar,
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Roadmap for RF MEMS Switches

Ipnovation level
New architectures
enabled

WiC

Satellites

Aeronautics

Base stations
Automotive radar (CNT switch
I Test equipment

Replacement es)

scenario

£ Actuation voltage [V) ’50
g | ;
i Embedded CNT switch in IC |
N Above IC (?) I
Monollthic integration on passive plattform :
Flip chip “——_________ |
Wire bonding TTe=q
2005 2010 2015 2020
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Satellites

Base stations
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|| Both tunable capacitors anql

4 inductors .-+

RF MEMS switches

Tuning ratio
of network
i
&
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i
j
H
=
2
&

8
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Commercial products

Tunable

inductors.

Technology
maturity

Samples

8

Tunable
capacitors

8

Qfactor 3
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r handling
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MEMS
itches
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¢ Increasing of RF MEMS

60 Tspace funding since 2000
0 ooy 1« More funding in the USA

40 — Military driven

— Commercial and space
applications are followers and
benefit from military investments

— Europe and Asia have been slow
to follow

— Now priority is given to
packaging and reliability

30

US$ million

20

10

0

EU USA Asia
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Conclusions

markets

& The first commercially available devices are switches. Even with the failings of
Magfusion and TeraVicta, companies like Radant MEMS, Matsushita, Omron,
Advantest are in a better position to successfully commercialise RF MEMS in test
and instrumentation applications.

& Within the US, RF MEMS phase shifters are already being employed within
military systems and instrumentation, but reconfigurable matching networks in PAs
and LNAs will soon be found in mobile phone applications.

& A great deal of R&D is being pursued within Europe, BUT Japan and China will
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S. Lucyszyn (Editor), “Advanced RF MEMS”, Cambridge University Press, Oct. 2010
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