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Acronyms

ACC
ADC
AESA
ALG
AMRFS
ATM
ATR
AWGN
BCB
BGA
BW
CMOS
CNR
CNT
CPS
CcPW
cw
DBF
DC
DETSA
DLP
ECM
EIRP
ESA
EW
f/D
FBAR
FM
FMCW
FMICW
FOPEN
FSS
GND
GPR
Gr/T
GVD
HEMT
HKMG
HPBW
IC

autonomous cruise control

analog to digital converter

active electronically scanned array
autonomous landing guidance
advanced multifunction radio frequency system
air traffic management

automatic target recognition

additive white gaussian noise
benzo-cyclo-butene

ball grid array

bandwidth

complementary metal oxide
carrier-to-noise ratio

carbon nanotube

coplanar strip

coplanar waveguide

continuous wave

digital beamforming

direct current

dual exponentially tapered slot antenna
digital light processing

electret condenser microphone
effective isotropically radiated power
electronically scanned array

electronic warfare

focal distance over diameter quotient
thin film bulk acoustic resonator
frequency modulation

frequency modulated continuous wave

frequency modulated interrupted continuous wave

foilage penetration

frequency selective surface

ground

ground penetrating radar

receive gain over noise temperature quotient
group velocity dispersion

high electron mobility transistor

high-k metal gate

half-power beamwidth

integrated circuit

IF

IFF

IL

IMU

IP3

LCP
LDMOS
LTCC
MBE
MEMS
MESFET
MIMO
MMIC
MOEMS
MOSFET
MPE-CVD
NF

nMOS
NRZ

p-i-n diode
P1dB
PECVD
PESA
RCS

RF

RF CMOS
RF MEMS
RFIC
RFID
RMS

Rx

SAR

SCP

SDR

SiC

SMT

SNR
SOIMEMS
SPAT
SPDT

intermediate frequency

identification friend or foe

insertion loss

inertial measurement unit

third order intercept point

liquid crystal polymer

laterally diffused metal oxide semiconductor

low temperature co-fired ceramic

molecular beam epitaxy

micro-electromechanical system

metal electric semiconductor field effect transistor
multiple input, multiple output

monolithic microwave integrated circuit
micro-opto-electro-mechanical system

metal oxide semiconductor field effect transistor
microwave plasma-enhanced chemical vapor deposition
noise figure

n-type metal oxide semiconductor
non-return-to-zero

pintrinsicn diode

1 dB gain compression

plasma-enhanced chemical vapor deposition
passive electronically scanned array

radar cross section

radio frequency

radio frequency complementary metal oxide semiconductor
radio frequency micro-electromechanical system
radio frequency integrated circuit

radio frequency identification

root mean square

receive

synthetic aperture radar

single chip packaging

software defined radio

silicon carbide

surface mount technology

signal to noise ratio

silicon on insulator micro-electromechanical system
single pole 4 throw

single pole double throw
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Acronyms

SPI
SPNT
SPST
SSPA
T/R
TPMS
TSV
TTD
Tx
UNCD
UwB
VED
WAIM
WLP

serial peripheral interconnect
single pole double throw

single pole single throw

solid state power amplifier
transmit / receive

tire pressure monitoring system
through silicon via

true time delay

transmit

ultra nanocrystalline diamond
ultra wideband

vacuum electronics device
wide angle impedance matching
wafer level packaging
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Radars

FMCW radar:
FM ranging [1-3]
O Range:
R = c% fA—WJ:
O Velocity:
v— dR
= dt

Pulse-Doppler radar:

pulse-delay ranging [1-3]
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Figure 1: (a) A monostatic frequency modulated continuous wave (FMCW) radar.
(b) A monostatic monopulse-Doppler radar based on an RF beamforming active
electronically scanned array.
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Electronically Scanned Arrays

Figures of merit [4-7]:
O Bandwidth

— Radar range resolution:
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit [4-7]:

O Beam pointing error:
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit [4-7]:
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit [4-7]:
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit [4-7]:
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Electronically Scanned Arrays

Figures of merit [4-7]:
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit [4-7]:

O Field of view:

a < 1
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Figure 2: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit (continued):

O Half-power beam width:

HPBW = 0.886 By, %
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Figure 3: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit (continued):
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Figure 3: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.

2010 IEEE International Radar Conference, Washington D.C. RF MEMS for Radar Tutorial — 9 / 80



Electronically Scanned Arrays

Figures of merit (continued):

O Polarization purity
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Figure 3: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit (continued):

0 Radar cross section

2010 IEEE International Radar Conference, Washington D.C. RF MEMS for Radar Tutorial — 9 / 80



Electronically Scanned Arrays

Figures of merit (continued):

O Scalability (2-D, 3-D)
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Electronically Scanned Arrays

Figures of merit (continued):

O Sidelobe level:

52 L2
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Figure 3: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit (continued):
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Figure 3: Figures of merit for an electronically scanned array set the
radar’s ability to search and track targets.
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Electronically Scanned Arrays

Figures of merit (continued):

0 Size
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Electronically Scanned Arrays

Figures of merit (continued):

O Thermal dissipation
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Electronically Scanned Arrays

Figures of merit (continued):

O Weight
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

O Aperture: real beam or synthetic aperture (SAR)
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

O Antenna: connected or folded dipole, microstrip, tapered slot,
or waveguide antenna

(b) DOUBLY
EXPONENTIALLY
TAPERED SLOT

ANTENNA (DETSA)

(SLOTLINE)

(a) CONNECTED (c) PATCH
ARRAY (CPS) (MICROSTRIP)

Figure 3: Antennas: (a) Connected array,
(b) DETSA, and (c) microstrip.
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

_ /APERTUR’E COUPLED MICROSTRIP ANTENNAS

2|
i~
[ a

O Beamforming: digital (DBF), IF, optical, RF

RESONANT FEED NETWORK

PASSIVE SUBARRAY

DBF LASER PD

(b) OPTICAL BEAMFORMING

Figure 3: Beamforming networks: (a) IF,
and (b) optical
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

O Feed network: constrained (corporate, series) or space-fed
(lens array, reflect array). Extensions include monopulse feeds
and calibration networks.
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

(a) RECTANGULAR (PERIODIC)

R .-

R .-

0 -

O Grid: periodic (hexagonal, rectangular, or triangular) or ape- LLL L L L]

riodic (sparse) LI LI L]

1

R O

EILLILLL
m m
L L]
L RC L]
W mE .
L]

(c) SPARSE (APERIODIC)

Figure 3: Grid: (a) rectangular (periodic),
(b) triangular (periodic), (c) sparse (aperi-
odic).
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

Figure 3: Manufacturing: brick assembly.

O Manufacturing: 2-D arrays: brick, stick, tile [8] or tray, 3-D
arrays: geodesic dome, multifaceted (pyramidal frusta)

Figure 4. Manufacturing: tile assembly.
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

O Polarization: vertical (taking advantage of Brewster angle for
ground-based and naval platforms), polarimetric (all-weather,

foilage penetration (FOPEN), SAR/ATR)
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

O RF power amplification: active (SSPA) [9], passive subarrays,
passive (VED)

I
T/R MODULES BASED ON SOLID STATE
POWER AMPLIFICATION (SSPA)

(b) PASSIVE SUBARRAY

T/R MODULE
BASED ON
VACUUM
ELECTRONICS
DEVICES (VED)

PASSIVE SUBARRAY BASED
ON TTD PHASE SHIFTER

Figure 3: RF power amplification: (a) An
active electronically scanned array (AESA),
and (b) a passive electronically scanned ar-

ray (PESA).
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Electronically Scanned Arrays

Design trade-offs are necessary in the selection of:

(a) FREQUENCY-ORTHOGONAL (b) SPACE-ORTHOGONAL (c) TIME-ORTHOGONAL

SCANNING SCANNING SCANNING
: : |
—[R
: : o
| | —[R-< |
' 01 o ' —[TR '
. e | ROTMAN . —R .
| N | —[R< |

! f
'SLOTTED
WAVEGUIDE

Figure 3: Electronically scanned array
architectures:  (a) frequency-orthogonal
scanning with a slotted waveguide, (b)
spatially-orthogonal scanning with a Rot-

man lens, (c) time-orthogonal scanning
with RF (TTD) phase shifters.

O Scanning: frequency-, space-, or time-orthogonal waveform-
coherent pencil beams, or multiple input multiple output
(MIMO) waveform-orthogonal wide beams
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MEMS Disambiguation
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Definition: Micro-electromechanical system (MEMS) = bulk or surface-
micromachined device

O General advantages: cost, dynamic range (resolution), integration (on-
chip or in-package integration with a mixed-signal IC for ADC, calibration,
electronic power conditioning (charge-pumping, DC-DC conversion), dig-
ital serial interface (12C, SPI), power consumption (cooling), sensitivity,
size.

O Classification [1-3]:
—  MEMS actuators:
> Inkjet printheads

> Micro-mirrors (digital light processors (DLP), pico-projectors)

— MEMS chemical sensors:

> BioMEMS: lab-on-a-chip, micro total analysis system (uTAS) (ad-
vantages: fast biomedical analysis)

> MEMS multicapillary gas chromatographs, gas spectrometers (ad-
vantages: portable, shock and vibration resistant)

> MEMS nanoreactors for hydrogen storage (applications: fuel cells)

Figure 5: Source: Lexmark
18C0033 Color Inkjet Printhead
Process Review (MEMS) Pro-
cess Review (PPR-0607-802)

[4]
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued):

— MEMS pressure sensors (applications: barometric altitude sensors,
flow sensors, tire pressure monitoring system (TPMS)):

> MEMS microphone (capacitive) arrays are a replacement for elec-
tret condenser microphones (ECM) and sonar hydrophones (ad-
vantages: directionality, echo and noise suppression)

According to Chipworks,
the Motorola RAZR 2003
used the Knowles Acous-
tics SPMO0103ND3  micro-
phone [5, 6].

Figure 6: Source: Knowles
Acoustics SPMO0405HD4H,
Microphone ASIC (AudioAsics
A315KA3) Process Node As-
sessment (PNA-0907-901) [4]

2010 IEEE International Radar Conference, Washington D.C.

RF MEMS for Radar Tutorial — 15 / 80



MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued):

—  MEMS Hall sensors measure magnetic field

Figure 6: Source: AKM Semi-
conductor AK8973 Hall-Effect
Magnetic Electronic Device Ci-
cuit Analysis Report (CAR-
1001-801) [4]
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued):

— MEMS motion scavengers and sensors (applications: airbag sensor,
dead-reckoning localization, electronic compass, electronic stability
control, energy harvesting, gesture recognition):

> MEMS accelerometers (capacitive) measure acceleration (az, ay,
az) of translation

According to Chipworks, the
Apple iPhone wuses the ST
LIS302D 3-axis accelerometer
[7], whereas the Nintendo Wii
uses the ADI ADXL330 3-axis
IMEMS  accelerometer [8] or
the ST LIS3LO2AE 3-axis ac-
celerometer [7].

Figure 6: Source: ST Micro-
electronics LIS331DLH Three-
Axis MEMS Accelerometer
ICWorks Surveyor (ICS-0903-
801) [4]
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued):

— MEMS motion scavengers and sensors (applications: airbag sensor,
dead-reckoning localization, electronic compass, electronic stability

control, energy harvesting, gesture recognition):

> MEMS gyroscopes (capacitive) measure angular rate (roll, pitch
and yaw) of rotation

Figure 6: Source: ST Mi-
croelectronics LISY300AL Gy-
roscope MEMS Process Review
(MPR-0809-801) [4]
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued):

— MEMS motion scavengers and sensors (applications: airbag sensor,
dead-reckoning localization, electronic compass, electronic stability

control, energy harvesting, gesture recognition):

MEMS inertial measurement units (IMU) measure all 6 degrees of

freedom

>
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MEMS Disambiguation: Actuators, Harvesters and Sensors

O Classification (continued): Most temperature sensors are
based on positive temperature

coefficient (PTC) or negative
temperature coefficient (NTC)
materials. The temperature co-
efficient is the relative change
of a physical property when the
temperature is changed by 1 K.

Figure 6: Source: FLIR Sys-

— MEMS temperature sensors: tems Indigo ISC0601B Infrared
: Bolometer Imager Process Re-
MEMS inf I ; I
> S infrared bolometer (advantage: uncooled) view (IPR-1002-801) [4]
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MEMS Disambiguation: Capacitors, Resonators, and Switches

O Classification (continued):

— Micro-optoelectromechanical systems (MOEMS) provide optical func-
tionality:

> Micro-mirrors (digital light processors (DLP), pico-projectors)

Figure 7: Source: Texas Instru-
ments DLP (MEMS) Pico Pro-
jector from the Optoma PK-
101 (EXR-0903-802) [4]

An FBAR is a device consisting of a piezoelectric material sandwiched between two electrodes
and acoustically isolated from the surrounding medium. FBAR devices using piezoelectric films with
thicknesses ranging from several micrometres down to tenth of micrometres resonate in the frequency
range of roughly 100 MHz to 10 GHz. Aluminum nitride and Zinc oxide are two common piezoelectric
materials used in FBARs.
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MEMS Disambiguation: Capacitors, Resonators, and Switches

O Classification (continued):

— Micro-optoelectromechanical systems (MOEMS) provide optical func-
tionality:

> Interferometric modulator display (low-power displays with high
brightness and contrast)

Figure 7: Source: Qualcomm
Mirasol MEMS Display Process
Flow Analysis (CWR-0811-802)

[4]

An FBAR is a device consisting of a piezoelectric material sandwiched between two electrodes
and acoustically isolated from the surrounding medium. FBAR devices using piezoelectric films with
thicknesses ranging from several micrometres down to tenth of micrometres resonate in the frequency
range of roughly 100 MHz to 10 GHz. Aluminum nitride and Zinc oxide are two common piezoelectric
materials used in FBARs.
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MEMS Disambiguation: Capacitors, Resonators, and Switches

O Classification (continued):

o
"

e

1
I
¥
|
¥

—  RF MEMS provide RF functionality:

> RF MEMS resonators (applications: filters, oscillators) [9]

Figure 7: Source: SiTime
SIT8002AC-13-18E50 One
Time Programmable Oscillator

Custom Process Node Assess-
ment (PNA-0811-901) [4]

An FBAR is a device consisting of a piezoelectric material sandwiched between two electrodes
and acoustically isolated from the surrounding medium. FBAR devices using piezoelectric films with
thicknesses ranging from several micrometres down to tenth of micrometres resonate in the frequency
range of roughly 100 MHz to 10 GHz. Aluminum nitride and Zinc oxide are two common piezoelectric
materials used in FBARs.
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MEMS Disambiguation: Capacitors, Resonators, and Switches

O Classification (continued):

Figure 7: MEMtronics ca-
pacitive fixed-fixed beam RF

—  RF MEMS provide RF functionality: MEMS switch [17]

> RF MEMS switches, switched capacitors, varactors (applications:
attenuators, limiters, (TTD) phase shifters, T /R switches, tunable
antennas, filters and matching networks) [10-16]

An FBAR is a device consisting of a piezoelectric material sandwiched between two electrodes
and acoustically isolated from the surrounding medium. FBAR devices using piezoelectric films with
thicknesses ranging from several micrometres down to tenth of micrometres resonate in the frequency

range of roughly 100 MHz to 10 GHz. Aluminum nitride and Zinc oxide are two common piezoelectric Figu re 8: Radant MEMS

materials used in FBARs. RMSW220HP ohmic-
contact cantilever RF MEMS
switch [18]
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MEMS Disambiguation: Capacitors, Resonators, and Switches

O Classification (continued):

—  RF MEMS provide RF functionality:

> Thin film bulk acoustic resonator (FBAR) @ (applications: filters)

An FBAR is a device consisting of a piezoelectric material sandwiched between two electrodes
and acoustically isolated from the surrounding medium. FBAR devices using piezoelectric films with
thicknesses ranging from several micrometres down to tenth of micrometres resonate in the frequency

range of roughly 100 MHz to 10 GHz. Aluminum nitride and Zinc oxide are two common piezoelectric
materials used in FBARs.
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RF MEMS Switch, Switched Capacitor and Varactor Commercialization

0 Business case examples:

— Tunable antennas, tunable bandpass filters
with high linearity, and tunable matching net-
works for cognitive, multiband, and software
defined radio (SDR) [1,2].

Active-g,, /C and active-RC CMOS filters lack linear-
ity [6]. In addition, CMOS transistor scaling is ac-
companied by a supply voltage (linearity) reduction in
order to maintain acceptable lifetime and power con-
sumption of digital circuitry [7]. FBAR filters lack tun-
ability.
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RF MEMS Switch, Switched Capacitor and Varactor Commercialization

0 Business case examples:

— Ultra wideband (UWB) passive electronically
scanned arrays for:

> Airborne radars, such as FOPEN radar
and SAR/ATR, which require low cross-
polarization, low power consumption, and
wideband ESAs, but do not require long-
range search and track capability [3].
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RF MEMS Switch, Switched Capacitor and Varactor Commercialization

0 Business case examples:

— Ultra wideband (UWB) passive electronically
scanned arrays for:

> Passive identification (identification friend
or foe (IFF), radio frequency identification
(RFID)) requires low-power retrodirective
arrays [4].
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RF MEMS Switch, Switched Capacitor and Varactor Commercialization

0 Business case examples:

— Ultra wideband (UWB) passive electronically
scanned arrays for:

> Wireless communication: Increasing the
bandwidth or the signal-to-noise ratio
(SNR), through spatial diversity, increases
the Shannon channel capacity [5].

Shannon theorem [8] — The channel capacity, C,
which is the theoretical upper bound on the bit rate,
which can be transmitted with a given average signal
power S through an analog communication channel
subject to additive white Gaussian noise (AWGN) of
power IV, is:

S
C =BWI1 14+ — 1
oz (1+5) (1)
where:

O C'is the channel capacity in bits per second.

O BW is the (passband) bandwidth of the channel
in hertz.

O S is the total received signal (modulation) power
over the bandwidth, measured in watt.

O N is the total noise or interference power over the
bandwidth, measured in watt.

O S/N is the signal-to-noise ratio (SNR) or the
carrier-to-noise ratio (CNR) of the communication
signal to the Gaussian noise interference expressed
as a linear power ratio.
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RF MEMS Switch, Switched Capacitor and Varactor Commercialization

Whereas capacitive MEMS accelerometers, gyroscopes and microphones have been successfully commercialized,
RF MEMS switches, switched capacitors and varactors have not, which is due to contact physics related
reliability issues and due to the availability of alternative RF technologies.

Chipworks Reverse Engineering Report Library - Mozilla Firefox

File Edit View History Bookmarks Tools Help

—
2P~ |el.utwente @,

j b w;;' @ |I'é!:http:f!www.chipwmks‘cnmiseamark.aspx?h::RF MEMSE&tn=1ReportCode%2CTitle%2CDescription%2CWhatsins ~ ~

[@] Chipworks Reverse Engineering ... o "

1| Site Search | Report Search | Site Map | Careers | Contact Us

<> 0 @ | Chipworks International ~

CHIPWORKS

Resources | News & Events
About Chipworks | Intellectual Property Services | Technical Competitive Analysis | Report Library

Your search has returned no results, please choose one of the following options:

Search All Reports | Existing Results |~ | for| |in| search by full description ~v|  search

Search using G e site search

ch fips

Your query for.
Bl search by full description contains RF MEMS
Did not match any results
We also found
Repaort Type: MEMS Process Report

Dewvice Category: Analog and RF, Mixed Signal RE
Device Category: MEMS Devices

Keywords: __Gold wire honding L DMOS LOCOS qo.., ...l ow Noise Amplifier L NA Low Powe Capacitor Ladder Radio Frequency ., . .GHz Amplifier Amp Phase Locked L, Gold wire bonding Radio
Frequency RF Power MOSFET, ... Power buses Wireless Localized O..., ... Time Division Multinle Access TD..., Module Multi chip package RF MCM, ...High Voltage Integrated Circuit ..., ..Controller thin fim
tesistors R..., Amplifier Amp CDMA frequency RF, RF transmitter BICMOS process WLAN, Damascene copper process RE, _ FPGA Logic PLD LOCOS NMOS Progra SOI RF Antenna Swich RF CMOS
Qu.., Gallium Arsenide GaAs Inductor RF amplffier, .. Inductor Reference Radio Frequen. ., ...Monolithic qrated Transcener Receiver RE Mier
Keywords: MEMS, MEMS Acceleration sensors, MEMS IMEMS . .MEMS automotive sensors Election. . .. .MEMS inkiet print head Heater fi.., Sensor MEMS sensing minidisk, MEMS
multidimensional sensing, Sensor Sensor amay and decoder MEMS microelectromechanical, . Shallow trench solation SiGe S50..., MEMS microeie dual ais acce , . Automot
Elect roll gver. ., Sensor MEMS micoelectromechanical
Suggestions:

+ Go Back

« Start Over %

« Remove an item from your query

# Find: | magn S Previous ©» Next Highlight all Match case

Figure 7: Chipworks.com search results for RF MEMS

2010 IEEE International Radar Conference, Washington D.C. RF MEMS for Radar Tutorial — 19 / 80



RF MEMS Switch, Switched Capacitor and Varactor Commercialization

O RF MEMS switch, switched capacitor and varactor
market size:

RF MEMS switches have led a short, interesting life so
far. A lot of hope was heaped on these components, but six
years after the first commercial announcements were made in
2003, there are still no significant revenues, and the field has
already claimed a number of victims. The most well-known
casualty is Magfusion; more recently, Teravicta, Simpler Net-
works, and Siverta have fallen by the wayside as well. Such
fallout does not even take into account the RF MEMS switch
programs that have closed down at companies like Infineon,
ST, Motorola, Alcatel-Lucent and more recently, RFMD.

Despite this gloomy picture, MEMS switches continue to
fascinate the industry, and like salmon springing upstream
against the odds, there are always companies launching new
RF MEMS switch development programs or products. Ex-
amples include Omron, Maxim, and new start-up companies
like MultusMEMS.

In 2013, the RF MEMS market is expected to be in the range
of $160 million. (Source: MEMS Market Brief, June 2009,
by J. Bouchaud, iSuppli, Germany)

O RF MEMS switch, switched capacitor and varactor
product developments:

- Passive electronically scanned lens array (Source: World's First Demon-
stration of MEMS-Based X-Band Radar, Radant MEMS, April 6, 2006) [9]

—  Active electronically scanned lens array (Source: Raytheon Technologies
Promise to Improve Radar Affordability, Raytheon, July 17, 2008) [10]

O RF MEMS switch, switched capacitor and varac-
tor foundries, suppliers and subsystem integrators
(courtesy of J. Bouchaud, iSuppli, Germany):

— American:

> Large companies: ADI, IBM, Jazz, Raytheon

> New ventures: Advanced MicroSensors, MEMtronics, Radant MEMS,
XCOM Wireless, WiSpry

— Asian:

> Large companies: Advantest (JPN), Panasonic (JPN), Fujitsu (JPN),
Toshiba (JPN), Mitsubishi (JPN), NTT DoCoMo (JPN), Omron (JPN)

> New ventures: APM (TWN), China Resources Semiconductor (CHN),
MEMS Solutions (SGP)

— European:

> Large companies: BAE Systems (GBR), EPCOS (DEU) acquired by
TDK (JPN), Thales Research & Technology (FRA), EADS Innovation
Works (DEU), Rafael (ISR)

> New ventures: BAOLAB (ESP), DelfMEMS (FRA), FBK-Irst (ITA),
MEMSCAP (FRA), MultusMEMS (SWE), Protron Mikrotechnik
(DEU), Tronics Microsystems (FRA)
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RF MEMS Technology

O RF Technologies: [1I-V compound semiconductor (AIN,
GaAs, GaN [1], InP, InSb), ferrite, ferroelectric, RF MEMS,
silicon-based semiconductor (LDMOS, RF CMOS, SiC and
SiGe), and vacuum microelectronics technology offer a dis-
tinct trade-off between cost, frequency, gain, large-scale inte-
gration, lifetime, linearity, noise figure, packaging, power han-
dling, power consumption, reliability, ruggedness, size, supply
voltage, switching time and weight.

O Electrostatically-actuated RF MEMS:
— Advantages:

> Bandwidth: intrinsically wideband due to electrostatic
biasing and absence of parasitics

> Cost: fabrication process requires min. 3 masks [2].
> Low insertion loss (high Q factor) and high isolation
> High linearity and high power handling

> No power consumption

— Disadvantages:
> Reliability
> Switching time [3, 4]

(RLC)
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Figure 8: (a) RF MEMS resonator, (b) RF
MEMS SPST switch, (c) RF MEMS SPNT
switch, and (d) RF MEMS varactors
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RF MEMS Modeling

Electromechanical model: mass-spring sys-

tem [1]
ELECTROMECHANICAL
MODEL CAPACITIVE FIXED-FIXED BEAM ANCHOR
O Mass: )
0 4olwt ‘ BEAM s
m=04plw m ] 7
m >zl ettt T/ "‘\;V
Sori Fe AR g§
L] ring constant (capacitive fixed-fixed beam): ‘ b /‘ﬁ
pring ( ) - =
— t\3 (27 _ t (3 CPW "W DIELECTRIC/
k:_32Ew(l) (49)-!-80(1 V)wl(5) ELECTRODE
SUBSTRATE \
O Electrostatic force: (a)
2
= 1 coAVS OHMIC CANTILEVER ANCHOR
€ 2 92
k“\
. BEAM -~
0 Pull-in Voltage (capacitive fixed-fixed beam). = | |
[  — = W
v, = \/ 8 k(g0+ta/cq)® PMPLEVRT T R AR
P 27 A QT = | = |
MICROSTRIP W | ELECTRODE
O Hold-down Voltage (capacitive fixed-fixed beam): SUBSTRATE Y
v, — . [2kg0 (tg/eq)? (b)
h — €g €q A

O Switching time (pull-in time): Figure 9: (a) a capacitive fixed-fixed beam RF MEMS switch,
R P connected in shunt to a CPW line, (b) an ohmic cantilever RF
R AN Y \/% or¥s = Vp MEMS switch, connected in series to a microstrip line.
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RF MEMS Modeling

Electromechanical model: mass-spring sys-

tem [1]
ELECTROMECHANICAL
MODEL CAPACITIVE FIXED-FIXED BEAM ANCHOR
0 Mass: )
0dolwt " BEAM RN
m = 0.4plw 5 | e
m | >-elainialeieieieiieieiieielieieisiuteit ettt 7/ ""\;V
Spri —_ AR g§
L] ring constant (ohmic cantilever): —|7 b %ﬁ
pring ( ) f 1
3 1— (2 /1) =
Ek=2Ew|(t CPW DIELECTRIC/
l _ 3 4
( ) 3—4 (x/1)°+(xz/1) SUBSTRATE v ELECTRODE
0 Electrostatic force: (a)
1 €A V32 OHMIC CANTILEVER ANCHOR
Fe=-3 =+ k
) BEAM T
O  Pull-in voltage (ohmic cantilever): e N 2|
DIMPLE S T = oW
KLY A S
VP =\l 37 A gi = = |
MICROSTRIP W | ELECTRODE
O Hold-down voltage (ohmic cantilever): SUBSTRATE \
(b)
v _ ]2k (90—94) 93
h — €g A

Figure 9: (a) a capacitive fixed-fixed beam RF MEMS switch,
v connected in shunt to a CPW line, (b) an ohmic cantilever RF
bs = 3.67 o VE Vs =vp MEMS switch, connected in series to a microstrip line.

O  Switching time (pull-in time):
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RF MEMS Modeling

In reality, RF MEMS beams are not flat but track the underlying topology and are bowed due to residual stress.
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Figure 10: Optical interferometry imagery (top) and
surface profile (bottom) of capacitive fixed-fixed beam
RF MEMS components fabricated using the conven-
tional fabrication process [2,3]. The mean and stan-
dard deviation of the transverse beam profile are
shown.
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Figure 11: Optical interferometry imagery (top) and
surface profile (bottom) of capacitive fixed-fixed beam
RF MEMS components fabricated using the self-
aligned fabrication process [4]. The mean and standard
deviation of the transverse beam profile are shown.
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RF MEMS Modeling

Small signal RF model for S-parameter sim-
ulation: C,/Cy [1]

L] Up—state Ca pacitance:
eg A

Copy =1.4—5S02
“ gottq/eq

O Quality factor:

— 1

O Down-state ca pacitance (capacitive fixed-fixed beam).
€eneqg A
Cy = 0.65%
Large signal RF model for harmonic bal-
ance simulation (IP3, P1dB): memcapaci-
tor (nonlinear capacitor with hysteresis in

the C-V curve) [1,5]

O Up-state capacitance:

A
Cy =1.4—— 50
u g(gw)+ty/eq

0 Electrostatic force:
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Figure 12: (a) a capacitive fixed-fixed beam RF MEMS switch,
connected in shunt to a CPW line, (b) an ohmic cantilever RF
MEMS switch, connected in series to a microstrip line.
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RF MEMS Modeling

Small signal RF model for S-parameter sim-
ulation: Cy/Rg [1]

L] Up—state Ca pacitance:
eg A

Copy =1.4—S02
“ gottq/eq

O Quality factor:

— 1
O Down-state resistance (ohmic cantilever).
Ry
Large signal RF model for harmonic bal-

ance simulation (IP3, P1dB): memcapaci-
tor (nonlinear capacitor with hysteresis in

the C-V curve) [1,5]

O Up-state capacitance:

A
C,y =1.4——— %0
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0 Electrostatic force:
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Figure 12: (a) a capacitive fixed-fixed beam RF MEMS switch,
connected in shunt to a CPW line, (b) an ohmic cantilever RF
MEMS switch, connected in series to a microstrip line.
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RF MEMS Modeling

Table I: Comparison of fabrication processes for capacitive fixed-fixed beam RF MEMS Components (unmeasured or unpublished quantities
are denoted with -)

Reference Goldsmith, et al. Barker, et al. Goldsmith, et al. Lacroix, et al. Van Caekenberghe, et al.
[6-9], 1994-1998 [2,3], 1998-2000 [10], 2002 [11], 2007 [4], 2008
Component switch varactor switch switched capacitor varactor
Foundry Raytheon Univ. of Michigan MEMtronics XLIM, France Univ. of Michigan
Design characteristics
Air gap, gq 4 pm 2 pm 4 pm 0.3 pum 0.4 pm
Beam dimensions 300 x 120 x 0.5 um> 300 x 80 x 0.8 umS 300 x 120 x 0.5 um> 40 x 10 x 0.35 pm®> 30 x 12 x 0.3 um>
(I x wxt)
Beam holes yes no yes no no
Beam material® Al Au Al Al Au
Dielectric material SigNy4 (e = 6-9) SigNy (e = 6-9) Air Al503 (e =9.1) SigNy (e, = 6-9)
Dielectric thickness, tq - 200 nm - 400 nm 200 nm
Electrode width, W 120 um 100 pm 120 um - 12 pum
Metal thickness 4 um 3 um 4 um 3 um 0.9 um
Number of masks 5 5 5 7 3
Figures of Merit

Capacitance ratio, C 70-100 1.25-1.3 10-30 2.3 1.15
Power handling

Cold-switched 5W 0.5 W - - 200 mW

Hot-switched 2 W - 0.5 W - -
Q factor 1300 @ 10 GHz 30 @ 10 GHz - 20 © 20 GHz 14.5 @ 20 GHz
Reliability (cycles) 10 B - > 100 B 14 B -
Rg 0.2-0.25 2 - 0.2-0.25 2 7 €2 @ 20 GHz 3.1 2 @ 20 GHz
Switching time, t g < 20 ps - < 20 ps 0.15- 0.4 us -

@ Aluminium has a Young's modulus, E, of 70 GPa, a Poisson ratio, v, of 0.35, and a mass density, p, of 2.7 g/cm3. Gold has a Young's
modulus, F, of 78 GPa, a Poisson ratio, v, of 0.44, and a mass density, p, of 19.3 g/cm3.
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RF MEMS Biasing

O RF MEMS components are biased electrostatically
using a bipolar non-return to zero (NRZ) drive

|

.WLLJ

10x NON-INVERTING
AMPLIFER — +  — |

voltage in order to avoid dielectric charging. e
o < HIGH-RESISTIVITY
O Advantages of electrostatic biasing: BIAS LINE (10 kQ)
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Figure 13: Electrostatic biasing of a capacitive fixed-
fixed beam RF MEMS switch, switched capacitor or
varactor.
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RF MEMS Fabrication

O RF MEMS components are fabricated using bulk or
surface micromachining techniques [1-5], directly
on the microwave substrate, or substrate trans-
ferred to the microwave substrate.

— Deposition of the electrode layer
RF MEMS
— Deposition of the dielectric layer PASSIVE SUBARRAY SACRIFICIAL SPACER (MASK 4)
— Deposition of the sacrificial spacer = = — = 1=
- Dep05|t|on of the seed Iayer’ and SUbsequent ELECTRODE LAYER (MASK 2) ELECTROPLATING (MASK 5)
electroplating
— Definition and release of the beams, drying of CMEMS
the wafer using a critical point dryer, to avoid
. . . . DIELECTRIC LAYER (MASK 3) BEAM DEFINITION (MASK 6)
beam stiction while evaporating polar solvents BEAM RELEASE & CRITICAL

(water) between the dielectric and the beam.

Figure 14: Surface micromachining of an RF MEMS
component directly on the microwave substrate

2010 IEEE International Radar Conference, Washington D.C. RF MEMS for Radar Tutorial — 30 / 80



RF MEMS Fabrication

O Heterogeneous integration of

RF MEMS and IlI-V compound semiconductors [6, 7], which will en-
able single-chip T/R modules.

RF MEMS and (Bi)CMOQOS, which will enable integrated highly linear
tunable filters.

> MEMS first (in the CMOS front-end)

Examples: Analog Devices SOIMEMS [8], SiTime MEMS-
FIRST [9]

Advantages: access to mono-crystalline silicon, high-
temperature process feasible

Disadvantages: transistor density is reduced, lower Q factor

> MEMS interleaved

Examples: Analog Devices iIMEMS [8]

> MEMS last (in the CMOS back-end)

Examples: BAOLAB Microsystems [10], WiSpry [11,12]
Advantages: transistor density is maintained, higher Q factor

Disadvantages: limited Jrass and Vgiasrs handling, metal
creep and residual stress, of Al interconnects

Figure 15: Singe pole double
throw (SPDT) switch based
on ohmic cantilever RF MEMS
switches, fabricated on a
GaAs substrate (courtesy of R.
Baggen, IMST, Germany) [7]
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RF MEMS Packaging

O Function: RF MEMS components are fragile and require her-
metic cavity sealing through wafer level packaging (WLP) or
single chip packaging (SCP).

— WLP is applied before wafer dicing, and is based on thin
film capping (PECVD nitride, PECVD oxide, or electro-
plated metal thin film capping), or based on wafer bond-
ing (anodic, metal diffusion, metal eutectic, glass frit [1],
polymer adhesive, and silicon fusion wafer bonding).

> Anodic and silicon fusion bonding do not require an in-
termediate layer, but do not tolerate surface roughness.

> WLP techniques using a conductive intermediate layer
(conductive split ring) restrict the bandwidth and iso-
lation of the RF MEMS component.

> The most common WLP techniques are based on an-
odic and glass frit wafer bonding.

— SCP is applied after wafer dicing. The dies are attached
to prefabricated liquid crystal polymer (LCP) [2] injec-
tion molded packages or low temperature co-fired ceramic
(LTCC) packages [3].

(a) WAFER DIELECTRIC LID
/ CAVC’Y N
| [ | I| |
GLASS
WAFER FRIT
(b) METALLIC LID

BONDWIRE CAVITY

SINGLE CHIP

BALL GRID ARRAY

Figure 16: (a) Wafer-level packaging. (b)
Single chip packaging of an ohmic can-
tilever RF MEMS switch.

2010 IEEE International Radar Conference, Washington D.C.

RF MEMS for Radar Tutorial — 33 / 80



RF MEMS Packaging

O Figures of merit:

Chip size

Cleanliness: RF MEMS resonators must be
packaged in a clean environment because even
small amounts of surface contamination can
significantly change the resonator frequency.

Cost

Fabrication process maximum tempera-
ture, and (in)-tolerance to alignment errors
and surface roughness

Hermeticity
Insertion loss

Thermo-mechanical properties (mechanical
strength, thermal conductivity, maximum tem-
perature)

Design trade-offs:

Cavity filling: vacuum, nitrogen gas, apolar
solvent (oil) for cooling (applications: hot-
switching) or damping

Die attachment technique (RF MEMS chip at-
tachment in a prefabricated package): chip-
stack, flip-chip, wire bonding

Feedthroughs: lateral feedthroughs are sus-
ceptible to capacitive coupling to the metal-
lic bond ring and/or lid, whereas vertical
feedthroughs are not. Vertical feedthroughs
based on through silicon vias (TSV) offer 3D
integration opportunities.

Lid: absorbing or metallic

Pin and wiring: differential or single-ended,
density. Differential interconnects offer higher
isolation levels.

Surface mounting technique (SMT) (pack-
age attachment on RF printed circuit board
(PCB)): ball grid array (BGA), flip-chip, lead
frame, wire bonding with organic (globtop)
over-molding
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RF MEMS Power Handling

O Definitions [1]:

— Cold-switching is defined as switching in the absence of RF power, and is applied in attenuators and
(TTD) phase shifters. Cold-switched power handling is limited by self-actuation.

— Hot-switching is defined as switching in the presence of RF power, and is applied in limiters, tunable
matching networks and T /R switches. Hot-switched power handling is limited by hold-down.

— Self-actuation occurs when the root-mean-square (RMS) RF voltage, Vrass, across the RF MEMS
beam in the up-state and the electrode, exceeds the pull-in voltage, V).

— Hold-down occurs when the Vi ;g across the RF MEMS beam in the down-state and the electrode,
exceeds the hold-down voltage, V3.
O Remark:

— The breakdown power handling is set by the maximum allowable RMS of the RF current density through
the beam, Jrass, in the light of electromigration®, and the maximum allowable Vi sg in the light of
dielectric breakdown.

0 Solutions:

— Differential circuits have 3 dB more power handling than their single-ended counterparts.

— Jrms and Viasrg are related through the characteristic impedance of the transmission line,
Z =Vrms/Irus-

lEIectromigration is the mass transport caused by a high direct current density [2], which rips loose ions from the conductor lattice. Electromigration
is a function of .Jpas o and the exposure time
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RF MEMS Reliability

O Capacitive fixed-fixed beam:
FsPRING

— Beam stiction due to polar solvents (humidity)
and dielectric charging [1-3]

— Dielectric charging also shifts the C-V curves
[4,5]. However, defect reduction has reduced
charge trapping in SiO2 gate oxide of MOSFET
transitors.

FvaN DER waALs (Vs=0)

(b) HUMIDITY INDUCED BEAM STICTION

FspriNG

O Ohmic cantilever: |

— Contact interface degradation due to microw- A[EI-L/J—

elding leads to higher insertion loss, especially
if the ohmic cantilever RF MEMS switch is hot-

FeLecTROSTATIC (VS=0)

switched. (a) DIELECTRIC CHARGING INDUCED
BEAM STICTION

Figure 17: (a) Dielectric charging induced beam stic-
tion. (b) Humidity induced beam stiction.
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RF MEMS Reliability

O Solution: Carbon nanotube (CNT) and ultrananocrystalline diamond
(UNCD) thin films solve hard contact related reliability issues. In par-
ticular, UNCD [6-11] has following extra-ordinary properties:

— Electrical: Diamond is a large bandgap semiconductor (E, = 5.5
eV)?. Depending on the doping level, it can be used as an insulator
with low leakage current (dielectric), or as a conductor (electrode).

¥The bandgap of CNT varies between 0 and 2 eV; it can be used as a metal or as a semiconductor.

bThe Young’'s modulus, E, of CNT is 1000-5000 GPa, E of Kevlar is 150-250 GPa, and E of
stainless steel is 200 GPa [12]

“The mass density, p, of CNT is 0.037 g/cm? [12].
9The thermal conductivity, r, of CNT is 3500 W/(m.K), whereas x of copper is 385 W/(m.K) [12].

Figure 18: SEM imagery of car-
bon nanotube (CNT) bundles
[12].

Figure 19: The MEMtron-
ics capacitive fixed-fixed beam
RF MEMS switch with Ad-
vanced Diamond Technologies
UNCD Aqua 25 low-trap dielec-
tric achieved over one billion cy-
cles in dry air [13].
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RF MEMS Reliability

O Solution: Carbon nanotube (CNT) and ultrananocrystalline diamond
(UNCD) thin films solve hard contact related reliability issues. In par-
ticular, UNCD [6-11] has following extra-ordinary properties:

— Thermo-mechanical: UNCD thin films have a very high Young's mod-
ulus (£ = 980 GPa) compared with materials currently used in RF
MEMS components®?, improving the reliability (high contact force)
and the switching time (high E/p, with the mass density, p, equal to
3.5 g/cm3¢). Microwave plasma-enhanced chemical vapor deposition
(MPE-CVD) can deposit UNCD thin films at temperatures < 400°C.
The thermal conductivity, x, of UNCD is 12-15 W/(m.K)?.

¥The bandgap of CNT varies between 0 and 2 eV; it can be used as a metal or as a semiconductor.

bThe Young’'s modulus, E, of CNT is 1000-5000 GPa, E of Kevlar is 150-250 GPa, and E of
stainless steel is 200 GPa [12]

“The mass density, p, of CNT is 0.037 g/cm? [12].
9The thermal conductivity, r, of CNT is 3500 W/(m.K), whereas x of copper is 385 W/(m.K) [12].

Figure 18: Microwave plasma
enhanced chemical vapor
deposition (MPE-CVD) of
ultrananocrystalline  diamond
(UNCD), inventors  John
Carlisle and Orlando Au-
ciello of Argonne National
Laboratory, Argonne, IL [14]
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RF MEMS Reliability

O Solution: Carbon nanotube (CNT) and ultrananocrystalline diamond
(UNCD) thin films solve hard contact related reliability issues. In par-
ticular, UNCD [6-11] has following extra-ordinary properties:

— Tribological: UNCD thin films are energy-saving ultra-low friction and
wear coatings. UNCD is hydrophobic and has very high resistance to

adhesion between two surfaces in physical contact, avoiding beam
stiction.

¥The bandgap of CNT varies between 0 and 2 eV; it can be used as a metal or as a semiconductor.

bThe Young's modulus, E, of CNT is 1000-5000 GPa, E of Kevlar is 150-250 GPa, and E of
stainless steel is 200 GPa [12]

“The mass density, p, of CNT is 0.037 g/cm? [12].
9The thermal conductivity, r, of CNT is 3500 W/(m.K), whereas x of copper is 385 W/(m.K) [12].

ALBERT R. BROCCOL o HARRY SALTZMAN s
Sean Conne
aJames Bond 007

WIAN FLEMINGS

Figure 18: Diamonds are for-
ever (1971)
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Antenna Elements for Wide-Angle Electronically Scanned Arrays

O Function: Antennas transform guided waves into space waves.

Table 1I: Comparison of Antenna Elements for Wide-Angle Electronically Scanned Arrays.

microstrip waveguide & ind. iris tapered slot bunny ear connected dipole connected
Touchard, et al. Keizer, et al. Holter, et al. Lee, et al. Neto, et al. Huygens
[1], 2009 [2], 1991 [3,4], 2000 [5-7], 2003 [8], 2009 source
Design characteristics
Broadside or endfire® broadside endfire endfire broadside broadside broadside
unidirectional bidirectional bidirectional
Feed, Z 1 microstrip, 50 2 waveguide, ZTElO striplinePSO Q slotline, 507 2 CPS, 1207 Q CPS, 1207 ©
Feed mode®© single-ended TE10 single—endedb differential differential differential
Manufacturing tile, laminate brick, waveguide brick brick brick tile, laminate
Mutual coupling usaged no, metal fence & yes, WAIM no, metal fence no yes, connected yes, connected
cavity backing
Polarization® single-polarized single-polarized dual-polarized dual-polarized single-polarized dual-polarized

? Front to back ratio: The front to back ratio of bidirectional broadside radiators can be improved using cavity or reflector (ground (GND)
plane) backing, or dielectric lens, resonator or superstrate front-ends, at the expense of bandwidth, group velocity dispersion (GVD) and
phase center stability.

b Feed mode: The intrinsic feed mode of the tapered slot antenna is a slot mode. A hockey stick balun is used in [3] to transition the
differential slotline mode to a single-ended stripline mode.

€ Bandwidth: Wideband antenna elements have differential feeds. Differentially-fed antenna elements might suffer from common mode
radiation and resonances.

4 Mutual coupling usage: best friend (wide angle impedance matching (WAIM) layers induce leaky surface waves to reduce the scan loss),
or worst enemy (cavity backing, metal fence, or pseudo-differential feeding prevent substrate mode and surface wave propagation and
scan blindness due to edge radiation)

€ Cross polarization level: The minimum achievable Ludwig-3 cross polarization level (6=45°,p=45°) of an array of single-polarized and
dual-polarized electrical dipoles is -17 dB and -20 dB respectively. An array of connected Huygens sources is perfectly polarized over an
infinite bandwidth and at all scanning angles.
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Antenna Elements for Wide-Angle Electronically Scanned Arrays

Table II: Comparison of Antenna Elements for Wide-Angle Electronically Scanned Arrays (continued).

microstrip waveguide & ind. iris tapered slot bunny ear connected dipole connected
Touchard, et al. Keizer, et al. Holter, et al. Lee, et al. Neto, et al. Huygens
[1], 2009 [2], 1991 [3,4], 2000 [5-7], 2003 [8], 2009 source
Figures of merit (VSWR < 2)
Active gain ~ 091 @ f. ~ 097 Q@ f. ~ 097 Q@ f. [-8, 6] dBi ~ 091 Q@ f. <m0 fe.°
Active RL (VSWR) 10 dB 9.5 dB (2:1) 9.5 dB (2:1) 15 dB 10 dB (o)
Bandwidth 2.7-3.3 GHz (20%) 30% 1-5.9 GHz (5.9:1)P'¢ 15 GHz (5:1)C 6-9 GHz (40%)¢ oo
Cross polarization® > -17 dB - ? -15 dB > -17 dB 0
Field of view + 60° + 60° + 50° + 45° + 45° + 70°
Phase center stability instable, Yagi—Udaf instable, WAIM instable? stable? stable? stable
RCS - - - - - 0
Scan loss, (cos 8)™ - n=1.1 (E) n=1.3 (E) n=1.2 (E) n=1.3 (E) n=1 (E)
- n=1.1 (H) n=1.3 (H) n=1.2 (H) n=1.3 (H) n=1 (H)
Thickness, from GND plane - N/A Amin /4 Xmin /4 Amin /4 N/A, no GND plane

fYagi—Uda directors (multi-stacked patches for example) with varying resonant length increase the bandwidth and the gain, but the GVD, the phase
center instability, and the scan loss as well.
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Antenna Elements for Wide-Angle Electronically Scanned Arrays

Figure 19: Connecting antenna elements in a revolutionary way could allow UWB antenna arrays with 100:1
bandwidth, capable of replacing as many as five conventional antennas, inventors James Maloney (left) and Paul
Friederich (right) of Georgia Tech Research Institute, Atlanta, GA [9].
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Attenuators

O Function: Attenuators provide (non)-uniform symmetric amplitude weighting to control the side lobe level of
an RF beamforming ESA.

Table Ill: Comparison of State-of-the-Art Attenuators.

MMIC RFIC RF MEMS
Reference MIMIX XA1000BD [1], 2009 Min, et al. [2], 2007 -
RF technology 0.5 um GaAs pHEMT 0.12 pum SiGe BiCMOS -
Foundry WIN IBM -
Design characteristics
Bus parallel parallel -
Design switched constant-k network loaded-line -
Differential or single-ended single-ended single-ended -
Frequency DC-18 GHz 10-50 GHz -
Packaging requirement none none -
Metal thickness 45 um 3.1 um -
Substrate 100 pem GaAs 9.25 pum SiOo -
er = 12.9, tan § = 0.001 er = 4.2, tan § = 0.001 -
Supply voltage -7.5/0/3.3V 0/1.5V -
Transmission line microstrip 11/12/11 pm GCPW -
Figures of merit
Attenuation range 28 dB 11 dB -
Bandwidth 18 GHz 40 GHz -

Insertion loss

Linearity (IP1dB)

Noise figure

Number of bits, P

Power consumption?

Power handling (cold-switched)
RMS amplitude error, SAATT

RMS phase error, SPATT

Size
Switching time

5.5 dB ©@ 10 GHz
1.1 dB/bit @ 10 GHz
24 dBm
5.5dB @ 10 GHz
5
67.5 mW
30 dBm
< 0.5dB

< 10°

2.376 X 0.858 mm?2
< 45 ns

2.1 dB @ 35 GHz
0.57 dB/bit @ 35 GHz
5 dBm
2.1 dB @ 35 GHz
3.7
0 mW
13-14 dBm
< 0.25 dB

< 3°

200 X 750 pm?
< 1ns

4 Switched network attenuators are passive and reciprocal and do not consume power if implemented
using common gate HEMT, MESFET, nMQOS transistor stages or RF MEMS switches. Power
consumption is due to the bias circuitry.
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Limiters

O Function: Limiters prevent high power levels from damaging non-robust microwave circuitry [1-3].

Table IV: Comparison of State-of-the-Art Single-Ended (Distributed) Loaded-Line Limiters

GaAs p-i-n diode RF MEMS® uwVED
Reference TGL2201 [4,5], 2002 - Phommahaxay, et al. [6], 2006
RF technology GaAs VPIN - spark gaps
Foundry Triquint - ESIEE, France
Design characteristics
AC-coupled or DC-coupled AC-coupled - AC-coupled
Designb reflective - reflective
loaded-line - distributed loaded-line
Metal thickness 3 um - -
Packaging - - hermetic, No
Substrate 100 pm GaAs - 500 pem silicon
€, = 12,9, tan § = 0.001 - €, = 11.7, tan 6 = 0.006
x = 0.55 W/(cm.K) - xk = 1.56 W/(cm.K)
Supply voltage or current N/A - N/A
Transmission line microstrip - CPW
Figures of merit

Bandwidth 3-25 GHz - 6-18 GHz
Insertion loss < 0.5 dB, X-band - < 2dB/cm
Flat leakage® < 18 dBm - 350 W (P v = 2 kW)
Linearity - - -
Power handling

Breakdown - - > 2 kW

Hot-switched > 5 W (CW) - -
Size 1.1x 1.1 mm? - -
Temperature, max. 320°C - -
Response & recovery time [7] - - 100 ns
Spike leakage level [7] - - -

3 Self-actuation could be exploited to design RF MEMS limiters. Upon self-actuation, an RF MEMS
shunt-switch-based limiter short-circuits and reflects the incident RF wave. RF MEMS shunt
switches can be prebiased in order to assure self-actuation at a required incident power level.

b Absorptive loaded-line limiters allow low RCS, but require thermal dissipation management.

€ Flat leakage is the output power level during limiting.
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:

— Biasing: current-controlled, voltage-controlled
(electrodynamic (current flow), electrostatic
(no current flow))
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:
(a) LOADED-LINE (3 UNIT CELLS)

OUTPUT
INPUT % % /1/11
— Design: (distributed) loaded-line [1-4], reflect- 7 = =
type [5], switched LC network (high-pass, low- RF MEMS
pass) [6], switched-line [7—10], vector modula- SWITCHED CAPACITOR
tor
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:
(a) LOADED-LINE (3 UNIT CELLS)| (b) REFLECTION (2 UNIT CELLS)

OUTPUT INPUT» |
— Design: (distributed) loaded-line [1-4], reflect- / = =
type [5], switched LC network (high-pass, low- RF MEMS ororauRe | © 1
pass) [6], switched-line [7_10]’ vector modula- SWITCHED CAPACITOR COUPLER sw?TFcﬁE'gSCAp_
tor
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:
(a) LOADED-LINE (3 UNIT CELLS)| (b) REFLECTION (2 UNIT CELLS)

INPUT

OUTPUT »
lNW OUTPUT
— Design: (distributed) loaded-line [1-4], reflect- / = =
type [5], switched LC network (high-pass, low- RF MEMS QUADRATURE I
pass) [6], switched-line [7_10]’ vector modula- SWITCHED CAPACITOR COUPLER sw?TFcﬁE'gSCAp_
tor (c) SWITCHED-NETWORK (1 BIT)

OUTPUT

INPUT

LC HIGH-PASS E RF MEMS
TNETWORK = SPDT SWITCH
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:

— Design: (distributed) loaded-line [1-4], reflect-
type [5], switched LC network (high-pass, low-
pass) [6], switched-line [7-10], vector modula-
tor

(a) LOADED-LINE (3 UNIT CELLS)

OUTPUT

RF MEMS
SWITCHED CAPACITOR

(b) REFLECTION (2 UNIT CELLS)

INPUT

OUTPUT

QUADRATURE

COUPLER RF MEMS
SWITCHED CAP.

(c) SWITCHED-NETWORK (1 BIT)

OUTPUT

INPUT

LC HIGH-PASS E RF MEMS
TNETWORK = SPDT SWITCH

(d) SWITCHED-LINE (1 BIT)

RF MEMS
SPDT
SWITCH

OUTPUT

INPUT

TRANSMISSION LINE
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:

— Differential (CPS, slotline) or single-ended
(CPW, microstrip) transmission line
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of: O Phase shifting

— Bandwidth:

— Phase shift versus time delay
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of: O Phase shifting

— Frequency squinting:

0 — 6g = arcsin (;—g) — arcsin (ﬁ%)

— Phase shift versus time delay
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:

O TTD phase shifting
— TTD beam steering:
6 = arcsin (% AT)

— Phase shift versus time delay
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of: O Number of effective bits:
2

s

> 1 2 2 2 1
P = = lo — lo 3(S S 5 o5
) go ™ 1239 ( PATT + PPS + 3 52 )

— Quantization: analog or digital (4b, 5b)
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(True-Time-Delay) Phase Shifters

O Function: TTD phase shifters provide (TTD) phase shift to steer the beam of an RF beamforming ESA.

O Design trade-offs are necessary in the selection of:

— RF power amplification: active (unilateral) or
passive (reciprocal)
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(True-Time-Delay) Phase Shifters

Table V: Comparison of State-of-the-Art Switched LC Network (High-Pass/Low-Pass) Phase Shifters.

MMIC RFIC RF MEMS
Reference Bahl, et al. [11], 2008 MIMIX XS1000BS [12], 2008 Min, et al. [13], 2008 Morton, et al. [6], 2008
RF technology 0.4 um GaAs MESFET 0.5 um GaAs pHEMT 0.12 pm SiGe BiCMOS 240 pum capacitive cantilever switch
Foundry M/A-COM WIN IBM Georgia Tech
Design characteristics

Bus parallel parallel parallel parallel
Differential or single-ended® single-ended single-ended differential single-ended
Frequency 10-16 GHz 7-13 GHz 31-38 GHz 8-12 GHz
Packaging requirement none none none hermeticP
Metal thickness 45 pum 3.1 pum 4 pm 1.5 um
Substrate 125 pm GaAs 100 pm GaAs 9.25 pum SiOg 10 pm SiOg

ey = 12.9, tan 6 = 0.001 ey = 12,9, tan 6 = 0.001 er = 4.2, tan § = 0.001 er = 4.2, tan § = 0.001
Supply voltage -5/0/5 V -7.5/0 V 0/15V -22/0/22 V
Transmission line microstrip microstrip 11/12/11 pm GCPW microstrip

Figures of merit
Bandwidth 6 GHz 6 GHz 7 GHz 4 GHz
Insertion loss 5dB 6.2 dB 13 dB 4.5 dB (8 dB packaged)
1.25 dB/b 1.03 dB/b 3.25 dB/b 0.9 dB/b (1.6 dB/b packaged)

Linearity (IP1dB) 29-30 dBm 25 dBm 10 dBm > 30 dBm
Noise figure 5 dB 6.2 dB 13 dB 4.5 dB (8 dB packaged)
Number of bits, P 4 6 4 5
Power consumption® 20 mW < 100 mW 0 mW 0 mW
Power handling (cold-switched) - 30 dBm - 30 dBm
RMS amplitude error, SAPS 0.3 dB 0.9 dB 2dB 1.29 dB
RMS phase error, Sp o 4° 2.5° 11° 10°
Size 2.6 mm?> 3 x 2.1 mm2 530 X 220 ,um2 7.1 X 1.3 mm>
Switching time < 20 ns < 45 ns - ns 13 us

3 Differential phase shifters have no second-order intermodulation products, and are low noise and wideband.

b The package is an in-situ thin-film cap.
€ Switched LC network phase shifters are passive and reciprocal and do not consume power if implemented using common gate HEMT, MESFET,
nMOS transistor stages or RF MEMS switches. Power consumption is due to the bias circuitry.

2010 IEEE International Radar Conference, Washington D.C.

RF MEMS for Radar Tutorial — 51 / 80



(True-Time-Delay) Phase Shifters: References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]
[10]
[11]

[12]
[13]

N. S. Barker and G. M. Rebeiz, “Optimization of distributed MEMS transmission-line phase shifters - U-band and W-band designs,” IEEE
Trans. Microwave Theory Tech., vol. 48, no. 11, pp. 1957-1966, November 2000.

J. Perruisseau-Carrier, R. Fritschi, P. Crespo-Valero, and A. K. Skrivervik, “Modeling of periodic distributed MEMS application to the design of
variable true-time delay lines,” IEEE Trans. Microwave Theory Tech., vol. 54, no. 1, pp. 383-392, January 2006.

B. Lakshminarayanan and T. M. Weller, “Optimization and implementation of impedance-matched true-time-delay phase shifters on quartz
substrate,” IEEE Trans. Microwave Theory Tech., vol. 55, no. 2, part 1, pp. 335-342, February 2007.

K. Van Caekenberghe and T. Vaha-Heikkila, “An analog RF MEMS slotline true-time-delay phase shifter,” IEEE Trans. Microwave Theory
Tech., vol. 56, no. 9, pp. 2151-2159, September 2008.

B. Pillans, S. Eshelman, A. Malczewski, J. Ehmke, and C. Goldsmith, “Ka-band RF MEMS phase shifters,” IEEE Microwave Wireless Compon.
Lett., vol. 9, no. 12, pp. 520-522, December 1999.

M. A. Morton and J. Papapolymerou, “A packaged MEMS-based 5-bit X-band high-pass/low-pass phase shifter,” IEEE Trans. Microwave
Theory Tech., vol. 56, no. 9, pp. 2025-2031, September 2008.

J. B. Hacker, R. E. Mihailovich, M. Kim, and J. F. DeNatale, “A Ka-band 3-bit RF MEMS true-time-delay network,” IEEE Trans. Microwave
Theory Tech., vol. 51, no. 1, part 1, pp. 305-308, January 2003.

C. D. Nordquist, C. W. Dyck, G. M. Kraus, I. C. Reines, C. L. Goldsmith, W. D. Cowan, T. A. Plut, F. Austin, P. S. Finnegan, M. H. Ballance,
and C. T. Sullivan, “A DC to 10 GHz 6-bit RF MEMS time delay circuit,” IEEE Microwave Wireless Compon. Lett., vol. 16, no. 5, pp. 305-307,
May 2006.

J. Muldavin, C. Bozler, S. Rabe, and C. Keast, “Fully packaged 4-bit 100 ps RF MEMS time delay,” in IEEE MTT-S International Microwave
Symposium Digest, Honolulu, HI, June 3-8, 2007, pp. 493—-496.

A. Stehle, G. Georgiev, V. Ziegler, B. Schonlinner, U. Prechtel, H. Seidel, and U. Schmid, “RF MEMS switch and phase shifter optimized for
W-band,” European Microwave Conference, Amsterdam, The Netherlands, pp. 104—107, October 2008.

I. J. Bahl and M. Dayton, “A Ku-band 4-bit compact octave bandwidth GaAs MMIC phase shifter,” Microwave Journal, vol. 51, no. 6, pp.
30-42, June 2008.

MIMIX XS1000-BD 6-bit digital phase shifter. [Online]. Available: http://www.mimixbroadband.com/defense.asp

B. Min and G. M. Rebeiz, “Single-ended and differential Ka-band BiCMOS phased array front-ends,” IEEE J. Solid-State Circuits, vol. 43,
no. 10, pp. 2239-2250, October 2008.

2010 IEEE International Radar Conference, Washington D.C. RF MEMS for Radar Tutorial — 52 / 80


http://www.mimixbroadband.com/defense.asp

Transmit/Receive Switches (Duplexers)

O Function: T /R switches are single pole double throw (SPDT) switches, which can be used instead of large
and narrow-band ferrite circulators to time-share the antenna between the transmitter and receiver of a T/R
module [1,2].

Table VI: Comparison of State-of-the-Art Circulators and Wideband SPDT Switches.

Ferrite circulator MMIC SPDT RF MEMS SPDT
Reference RDKC [3], 2008 Siidow, et al. [4], 2008 Kong et al. [5,6], 1999 RMSW220HP [7], 2009
RF technology ferrite 0.25 pm AlGaN/GaN HEMT ohmic lateral deflection ohmic cantilever
fixed-fixed beam
Foundry/vendor Raditek Chalmers Northrop Grumman Radant MEMS

Space Technology

Design characteristics

Differential or single-ended single-ended single-ended single-ended single-ended
Frequency 9-10.5 GHz 2-18 GHz DC-50 GHz DC-40 GHz
Packaging requirement metal package none hermetic hermetic®
Substrate - 2 pum GaN & 95 pum SiC 100 pum GaAs 250 pm high-resistivity Si
- €r =535& ey =65 e€r = 12.8, tan § = 0.001 €r = 11.9, tan § = 0.001
Supply voltage - -20/0 V 0/70 V +100/0 V
Transmission line microstrip microstrip CPW microstrip
Figures of merit

Bandwidth 1.5 GHz 16 GHz 50 GHz 40 GHz
Power handling

Cold-switched 25 W >5W - 16 W

Hot-switched - - - 20 dBm
Insertion loss 0.5 dB 2 dB @ 10 GHz < 0.2dB © 10 GHz < 0.45 dB © 10 GHz®
Isolation 20 dB > 30 dB @ 10 GHz > 33 dB ©@ 10 GHz > 19 dB @ 10 GHz®
Lifetime - - - > 109 cycles, 40 dBm, cold-switched

- > 109 cycles, -10 dBm, hot-switched
> 55 dBm @ 900 MHz

Linearity (IP1dB) 37 dBm @ 10 GHz

Noise figure 0.5 dB 2 dB @ 10 GHz < 0.2 dB @ 10 GHz < 0.45 dB © 10 GHz?
Power consumption 0 mW < 0.1 mW - < 2 uW

Size 17 X 10.2 X 5.65 mm> 1.4 X 0.8 mm?2 - 1.44 X 1.4 X 0.65mm>?2
Switching time full-duplex < 300 ns < 2 us < 10 ps

3incl. glass frit sealed wafer-level package
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Tunable Matching Networks

O Function: Tunable matching networks can be used instead of narrow-band and large ferrite isolators (or
4-port ferrite circulators) to transform the optimal load impedance of the power amplifier to a changing
antenna impedance. The antenna impedance changes while changing carrier frequency or while scanning.

Table VII: Comparison of State-of-the-Art Tunable Matching Networks

Ferroelectric RFIC RF MEMS
Reference Chen, et al. Buisman, et al. Qiao, et al. Vaha-Heikkila, et al. van Bezooijen, et al.
[1], 2004 [2], 2005 [3,4], 2006 [5], 2007 [6], 2008
RF technology BST varactors, C =3 SOl pn diode 300 pm cap. fix. fix. beam 280 pm cap. fix. fix. beam 500 pum cap. fix. fix. beam
Foundry UCSB DIMES, TU Delft Raytheon VTT, Finland NXP
Design characteristics
AC- or DC-coupled AC-coupled DC-coupled AC-coupled DC-coupled AC-coupled
Analog or digital analog analog analog / 4 b digital 13 b 5b
Design [7] shunt/series C two-section LC network loaded-line triple-stub series LC network
Diff. or single-ended single-ended single-ended single-ended single-ended single-ended
Feedback no no yes no yes
Metal thickness - 4 pm 4 pm 3 pum 5 pum
Packaging - - In-Au WLP - hermetic, AuSn solder
Substrate sapphire silicon on glass GaAs fused silica silicon
er = 9.30 €r = 6.2 er =131 er = 3.78 er =117
tan § = 0.0002 tan & = 0.0009 tan 6§ = 0.0004 tan § = 0.0002 tan & = 0.006
k = 23.1 W/(cm.K) k = 0.93 W/(cm.K) x = 0.55 W/(cm.K) k = 1.40-2.00 W/(cm.K) xk = 1.56 W/(cm.K)
Supply voltage <14V < 15V < 40V <20V 60 / 30V
Transmission line microstrip CPW microstrip CPW CPW
Figures of merit
Bandwidth 420-500 MHz 1.6-2.4 GHz 2-18 GHz 6-20 GHz 1-3 GHz
Power handling
Breakdown 30V > 30 dBm - - > 45V, > 46 dBm
Cold-switched - - 37 dBm 23 dBm 45V, 46 dBm
Hot-switched - - 33 dBm - 12 'V, 35 dBm
Insertion loss 0.3dB 0.4-3.5dB - 2 dB -
Linearity® ACPR1 > 50 dBc [IP3 > 42 dBm - [IP3 > 60 dBm THD < -85 dBc @ 35 dBm
Prpn = 27 dBm A f =20 MHz - Af =1MHz -
Size 0.7 x 0.8 mm?2 1.975 x 4.2 mm? - 7.3 x 7.3 mm? 6 x 8 mm2
Switching time - - - - 50 us
Tuning range 3.8:1-1.7:1 (VSWR) (0.2:82,-24:24) - see [5] (50,-25:25:75) Q2

4 The linearity also depends on the impedance transformation ratio.
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RF Beamforming AESA Subsystems
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UWB RF MEMS T/R Modules for Pulse-Doppler Radars

O Functions: T/R modules set the transmit power in
Tx mode, the noise figure (NF) in Rx mode, and
time share the antenna between transmitter and

receiver. RF beamforming T/R modules provide
amplitude and (TTD) phase shift control [1-11].

O Advantages:
— Bandwidth: TTD-capable?
— Power consumption, heat dissipation
— RMS amplitude and phase error: lower than for
a common leg MMIC implementation
O Disadvantages:

— Hot-switched power handling: lower than for a
ferrite circulator

— Response & recovery time: higher than for a
p-i-n diode limiter

— Switching time: higher than for an MMIC im-
plementation

aContrary to wideband T/R switches, wideband circulators do not
exist.

(a) (b) TO ANTENNA

TO ANTENNA

[

J\ T/R SWITCH | °
I
I

S LIMITER | [— | SW/1

CIRCULATOR ‘

PA LIMITER |— TMN |

TTD
PHASE SHIFTER

|
| DRIVER LNA | PA
‘ \
|
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‘ | DRIVER
| ° ATTENUATOR PHASE SHIFTER | @ |
| e I
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| UNWANTED FEEDBACK |
|
|
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|
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\

TO FEED NETWORK TTD |
ATTENUATOR |

CHIP
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WITCHED,
RF MEMS |

|
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TO FEED NETWORK

Figure 20: (a) block diagrams of T/R modules for
RF beamforming AESA based pulse-Doppler radars:
MMIC implementation based on active (black) and
passive (gray) components, (b) RF MEMS (yellow)

implementation.
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T /R Modules for Pulse-Doppler Radars: References
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RF Beamforming Passive Subarrays
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RF MEMS Subarrays

O Function: Adding 2-D electronic scanning to 1-D

- CONTINUOUS TRANSVERSE STUB
RF beamforming AESA

O Advantages:

— Cost: lower compared to AESA solution

Ad

O Disadvantages:

— EIRP x G, /T: lower compared to AESA so-
lution

Figure 21: Stick-assembled continuous transverse stub
fed by a passive subarray [1].
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Subarrays: References
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RF Beamforming PESA Subsystems
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UWB Brick Assembled RF MEMS Lens Arrays

t

Principle of Operation: A lens array captures an
unbounded wave, (TTD) phase shifts and reradi-
ates the guided wave [1-4].

Advantages:
— Bandwidth: TTD-capable

— Beam pointing error (3b < P < 4b)
— Monopulse-capable
— No feed blockage, protrusion (Cassegrain)

—  Polarimetric

Disadvantages:

— Beam steering controller on the outside
— Size and weight (brick assembly)

— Spill-over loss (Tx) and noise (Rx)

Examples:

— RADANT [3], Raytheon [5]

- o

AEL Apz

z
-1 [+

i

Figure 22: An UWB lens array is illuminated by a four-
quadrant monopulse horn.

Figure 23: A differential UWB lens array brick
(DETSA - slotline RF MEMS TTD phase shifter —
DETSA)
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Brick Assembled p-i-n Diode & RF MEMS Lens Array Patents
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[57] ABSTRACT

A microwave lens of the type described in the French patent
No. 2,469,808 is adapted to operate with two crossed
polarizations. To this end, each of the phase-shifting chan-
nels of the lens is subdivided into two subchannels, each of
them being assigned to one of said polarizations. Each
subchannel includes, in addition to phase-shifting panels,
means for rotating by 90° the polarization of the incident
wave and impedance matching means.

12 Claims, 8 Drawing Sheets
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FEED AN
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Filed:

D MEMS PHASE SHIFTERS

Clifton Quan, Arcadia, CA (US); Jar
J. Lee, Irvine, CA (US); Brian M.
Picrce, Morcno Vallcy, CA (US),
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Verdes, CA (US)

Raytheon Company, Waltham, MA
(Us)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
US.C. 154(b) by 64 days.
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Feb. 25, 2003
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Lens Arrays: References
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Tile Assembled RF MEMS Reflect Arrays

O Principle of operation: A tunable impedance sur-
face reflects an unbounded wave in a desired direc-
tion by tuning the surface impedance (reactance)
of unit cells in order to obtain a linear reflection
phase shift progression over the surface [1-6].

O Advantages:

Beam steering controller on the backside

EIRP x G,/T: higher than for a brick-
assembled lens or reflect array

Monopulse-capable

Size and weight (tile-assembly)

O Disadvantages:

Bandwidth: resonant
Beam pointing error (1b < P < 2b)
Feed blocking, protrusion (Cassegrain)

(Single Polarized)

Spill-over loss (Tx) and noise (Rx)

(a) TILE-ASSEMBLY

{

Apz  AeL Z

] 1] [+

Figure 24: (a) tile-assembled resonant RF MEMS tun-
able impedance surface
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Tile Assembled p-i-n Diode Reflect Array Patents
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UWB Brick Assembled RF MEMS Reflect Arrays

O Principle of operation: Brick-assembled reflect ar-
rays based on antennas and (TTD) phase shifters
capture the unbounded wave, and (TTD) phase
shift, reflect, (TTD) phase shift, and reradiate the
guided wave [7-9].

O Advantages:
— Bandwidth: TTD-capable
— Beam pointing error (3b < P < 4b)
— Beam steering controller on the backside
— Monopulse-capable

—  Polarimetric

O Disadvantages:

- EIRP x G,/T: Lower than for a tunable
impedance surface, higher than for a lens

— Feed blocking, protrusion (Cassegrain)
— Size and weight (brick assembly)

— Spill-over loss (Tx) and noise (Rx)

(a) TILE-ASSEMBLY  (b) BRICK-ASSEMBLY _UP_ DOWN
7 o
0
S e
:
R -
CELL |
R
1
1
¥

Apz - AeL

z
5 £ B
L] [

Figure 25: (a) tile-assembled resonant RF MEMS
tunable impedance surface, (b) brick-assembled ultra
wideband RF MEMS reflect array, (inset) differential
RF MEMS slotline TTD reflection phase shifter.
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UWB Brick Assembled RF MEMS Reflect Arrays

O Principle of operation: Brick-assembled reflect ar-
rays based on antennas and (TTD) phase shifters
capture the unbounded wave, and (TTD) phase
shift, reflect, (TTD) phase shift, and reradiate the
guided wave [7-9].

O Advantages:

Bandwidth: T TD-capable

Beam pointing error (3b < P < 4b)
Beam steering controller on the backside
Monopulse-capable

Polarimetric

O Disadvantages:

EIRP x G,/T: Lower than for a tunable
impedance surface, higher than for a lens

Feed blocking, protrusion (Cassegrain)
Size and weight (brick assembly)

Spill-over loss (Tx) and noise (Rx)

%

Figure 25: Artist impression of an RF MEMS reflect
array brick with 3:1 bandwidth.
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UWB Brick Assembled RF MEMS Reflect Arrays

O Principle of operation: Brick-assembled reflect ar-
rays based on antennas and (TTD) phase shifters
capture the unbounded wave, and (TTD) phase
shift, reflect, (TTD) phase shift, and reradiate the
guided wave [7-9].

O Advantages:

Bandwidth: T TD-capable

Beam pointing error (3b < P < 4b)
Beam steering controller on the backside
Monopulse-capable

Polarimetric

O Disadvantages:

EIRP x G,/T: Lower than for a tunable
impedance surface, higher than for a lens

Feed blocking, protrusion (Cassegrain)
Size and weight (brick assembly)

Spill-over loss (Tx) and noise (Rx)

Figure 25: Artist impression of a differential slot-
line TTD reflection phase shifter based on Radant
RMSW200 SPST RF MEMS switches.
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Brick Assembled p-i-n Diode Reflect Array Patents
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ABSTRACT: A phase shifter is disclosed for supporting dual
orthogonal polarization modes of p [ d mi

energy in tactical electrically beam scanning phased array an-
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RF MEMS Switched Beamformers

O Principle of operation: It is a cascade of an RF
MEMS single pole N throw (SPNT) switch and a
beamformer (beamforming matrix or lens or reflec-
tor based focal plane scanner [1-3]).

O Advantages:

— Bandwidth: TTD-capable, if based on focal
plane scanner (parabolic reflector, Luneburg or
Rotman lens)

O Disadvantages:

— Bandwidth: coupler limited, if based on beam-
forming matrix (Blass, Butler, Nolen)

— Beam pointing error: high, B beam positions
versus 22F beam positions for (TTD) phase
shifter based ESA

- EIRP x G,/T: Pr limited by linearity and
cold-switched power handling of SPNT switch.
G lowered by insertion loss (IL) of SPNT switch

and beamformer.
— Field of view: related to f/D (IL, size)

— Not monopulse-capable
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Figure 26: Switched beamformers based on an RF
MEMS single pole 4 throw (SP4T) switch and a focal
plane scanner: (a) the Rotman lens based focal plane
scanner, (b) parabolic reflector based focal plane scan-

ner.
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Radomes
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RF MEMS Radomes

O Primary function: Protection of ESA against adverse environmental conditions

O Secondary functions:
— (Tunable) Frequency selective surface (FSS) [1]
— Limiter
— (Reconfigurable) Polarization transformer [2]

—  Shutter (RCS control) [3]
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Conclusion
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Radar

Figures of merit:

O

Design trade-offs:

O

Radars for moving point targets:

— Angle (field of view, angular resolution)

— Doppler (maximum Doppler frequency shift,
Doppler frequency shift resolution)

— Range (maximum range, range resolution)

— Probability of detection (Ppy), false alar
(Pra)

Radars for distributed targets:

— Angle, Doppler and range (swath siz¢, voxel

resolution)
— amplitude (contrast), phase

— Polarization

Application: AMRFS; onomous cruise control
(ACC), autonomous landing guidance (ALG), altimetry,
air traffic management (ATM), ground penetrating
radar (GPR), weather forecasting

Architecture: monostatic or bistatic, pulse-Doppler or
FMCW. Pulse-Doppler extensions are monopulse and
pulse compression. An FMCW extension is FM
interrupted CW (FMICW).

Platform: airborne, car-borne, naval, ground-based,
space-borne. Clutter models are platform dependent.

Propagation window: 3 GHz (S), 10 GHz (X), 24 GHz
(K), 35 GHz (Ka), 77 GHz (W), 94 GHz (W), 210

GHz (G). The propagation window is chosen based on
the RCS of the target and the size of the radar sensor.

Radar modes: search, track (point targets), imaging,
mapping (distributed targets). The radar mode sets
the radar waveform.

Electronically scanned array
Figures of merit:

oY)
)
=]
Q.
S
o
+
>

gooooogggoono

Design trade-offs:

ogoo OO

O

Bea
EIRP
Field

pointing error

Phasg
Polarization purity
Radar
Scalabilit
Sidelq
Size
Thermal dissjpation
Weight

Apertpre: real beam or synthetic aperture (SAR)

Antenna: connected or folded dipole, microstrip,
tapered slot, waveguide antenna

Feed network (¢)

: i rate, series) or
space-fed (lens array, reflect array sions include

monopulse and calibration networks.

Grid: periodic (hexagonal, rectangular, or triangular) or
aperiodic (sparse)

Manufacturing: 2-D arrays: brick, stick, tile or tray,
3-D arrays: geodesic dome, multifaceted (pyramidal
frusta)

Polarization: vertical (taking advantage of Brewster
angle for ground-based and naval platforms),
polarimetric (all-weather, FOPEN, SAR/ATR)

RF power amplification: active (SSPA), passive
subarrays, passive (VED)

Scanning:

Scanning: frequency-, space-, or time-orthogonal
waveform-coherent pencil beams, or MIMO
waveform-orthogonal wide beams

(TTD) Phase shifter

0J
0J

O

O

0J
0J

Design trade-offs:

Figures of merit:

Distortion (GVD)

Gain if active, loss if passive

—L]—Linearity (IP3, P1dB)

Number of effective bits, if digital

[ (TTD) phase shift / noise figure

Power consumptjon
Power handling
Size

Switching time

Analog or digital

Biasing: current-controlled, voltage-&ontrolled
(electrodynamic (current flow), electrostatic (no
current flow))

Design: (distributed) loaded-line;—reflect-type, switched
LC network (high=pass, low-pass), switched-line, vector
modul

ifferential (CPS, slotline) or single-ended (CPW,
microstrip) transmission line

Phase shift or TTD phase shift

RF power amplification: active (unilateral) or passive
(reciprocal)



Conclusion

O Using a bottom-up approach, the figures of merit for RF MEMS technology are related to the figures of
merit of radar subsystems. Particular emphasis is put on UWB RF MEMS T/R modules and passive

electronically scanned reflect arrays.

O Thank you for attending. Any questions?
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Open-Source Software

g

Elsie 2.34 (shareware): Elsie is an uncommon commercial-grade lumped-element (" L-C") electrical filter
design and network analysis program, directed toward the engineer or technician involved in that line of work.
http: //www.tonnesoftware.com/elsie.html

GNU Octave 3.3.51: GNU Octave is a high-level language, primarily intended for numerical computations. It
provides a convenient command line interface for solving linear and nonlinear problems numerically, and for
performing other numerical experiments using a language that is mostly compatible with Matlab. It may also
be used as a batch-oriented language. http://www.gnu.org/software/octave

rfMaxima 0.1: rfMaxima is an RF toolbox for the wxMaxima computer algebra system?. rfMaxima
symbolically derives 2-port network parameters (ABCD, G, InverseABCD, H, S, Y, and Z) from the solution
of the set of Kirchoff current and voltage law equations representing the 2-port. In addition, it allows for
symbolic derivation, as well as numerical evaluation (plotting), of microwave noise (experimental), stability
and power parameters. http://rfmaxima.sourceforge.net

Sugar 3.1: Much like SPICE does for circuit designers, SUGAR provides for MEMS designers a tool for
quickly specifying their devices in a netlist type format and analyzing their devices with different simulation
and mathematical techniques. http://sourceforge.net/projects/mems/files

Qucs 0.0.15: Qucs is an integrated circuit simulator which means you are able to setup a circuit with a
graphical user interface (GUI) and simulate the large-signal, small-signal and noise behaviour of the circuit.
After that simulation has finished, you can view the simulation results on a presentation page or window.
http://qucs.sourceforge.net

2Please assure that wxMaxima is working properly by calculating factor(50!), especially if you are using the Ubuntu 9.10 default install. If you are

working on Ubuntu 9.10, please consider upgrading to Maxima 5.20.1 and wxMaxima 0.8.4-1.
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