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What is a Metamaterial (MTM) ?
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Definition: artificial effectively-homogeneous

EM structure with unusual & useful properties:
negative & less-than-1 refractive index (LH), dispersion,
nonlinearity, bi-anisotropy, coord.-transformed GRIN
(cloaking), nano-localization, quantum effects, etc.

p CRLH
A AH
Bx E=+w|ulH Bx B =+w|u|H 1 . .
G x H=+wle|E B x H = —wle|E e <0, 0: Negative refractive index
B n=tpecln<0
A plasmas (w < wpe)
] . . — metals at optical frequencies
no solution, 3 €1 is— RH evanescent wave RH
> £ — >

—wlplH | fxE=—wlpl#
+wle|E B x H=—uw|e|E \ .
V.

e>0,pu <0
n=,epeln<0

ferrites (W < Wpr,)
(ferrimagnetic materials)
evanescent wave

11 8inf; = nosinfls

11 0,<90° . . [m n2/n1<0
0y = sin~! | — sin 64 ~ sin ' —# < 0
n9 19
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oo R€SONant versus Transmission Line Metamaterials (5

ly &
Oly ~\7)

RAMES

Resonant Particle

Smith et al., 2000-2001

 Narrow band x
* Highly lossy %
* Bulky %

Q — res
e —

Transmission Line

Caloz & Itoh,2002-2003

top patch

e Broad band — LC control v
 Low Loss — Matched v

* Planar - MIC/MMIC v

e Volumetric — stacking v

» Dispersion engineering v’
 Also Optics v




e Metamaterials (MTMs): Historical Milestones

MONTREAL

ARTIFICIAL DIELECTRICS = MTMSs
* Bose, 1889: twisted jute
* Lindman, 1914: chiral helixes

» Kock, Cohn, 1940-60: dielectric lenses/radoms

PRECURSORS OF LH MTMs:

. NRI
. BWD waves in periodic structures
. BWD TWT

‘FATHER’ OF ‘LH’ MTMSs:
Victor Veselago, 1967: fundamentals of LH MTMs

‘MODERN’ NRI MTMs

* Pendry, 1998-9: ¢ < 0 wires & u < 0 split ring resonators

e Smith ef al., 2000-1: 1st demo of LH MTM

e Caloz & Itoh, Eleftheriades, Oliner, 2002: nonresonant TL

Y * ...
fime 6




@ . :
e ecoe Transmission Line (TL) Approach

MONTREAL

CRLH Model Microstrip Implementation
Z 1 Lgr CrL
ormabiian | 0
Wse

_— interdigital

E (-:'rf ? capacitor

S AN

Y ground plane

o
< p/A, — 0

Dispersion (
1 B 1 Diagram \ v
LRC!L LLC!R

1 v, =— <0 —>
F(w) = w\/LrCpr — — 1o oa
flw) R wyVLCp, =P vy = — >0

. J/Lp /Ly
Zc(w)— G— C,-TL —ZD const , i N

C. Caloz, H. Okabe, T. Iwali, and T. Itoh, IEEE AP-S USNC/URSI, June 2002. 7

Q
Il

balanced resonances:

gb @ €

GAP




@ ... Unusual Ag(w) Behavior

POLYTECHNIQUE
MONTREAL

10 g . .
' Microstrip CRLH TL
9r| — experimental Sy I G | intordiqital
gl | — LC Network | capacitors
N —— infinitesimal i & N
mnia) near-field meas. | RERAREEEPRR AR | g T
shorted stub o
-5 RH - P
= w0 . "
e 1 £ : Balanced CRLH guided wavelength
= / _ ;
o 3 LH Ay = ¢ 27
A 2 i /\Q(w) — P




Composite Right/Left-Handed (CRLH)* Metamaterials o th 5
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1D

Electromagnetic
Metamaterials

Transmission Line Theory and
Microwave Applications

Material Parameters:

2 x Drude (non-resonant):

ﬂ(w)=ﬂw(1—w§m/w2)
_ L'

i
g(a)) =g, (l—a)pe/a)z)
g, =Cp
Wpe :Vm

*C. Caloz and T. Itoh, IEEE MTT-S Int. Microwave Symp. Dig., June 2003, pp. 195-198. 9

Chrestaphe Caloz and Tatsio ftoh
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Resonant Particle MTMs: e-Drude & m-Lorentz

2 2

0, 0N
e(w)=e,| l-——F—|, plo)=p| l-—5—="—
| @ — jol | o —w. —jol

w BROADBAND
Transmission Line MTMs: 2x Drude /
gozci,(upe: : . ,L:O:L—R,(opm: : Jo =0

p L.Cy p L.C,

10
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Resonant Particle MTMs

Transmission Line MTMs

interdigital capacitor (€' )

microstrip trace

stub inductor (Lz)

eround plane

A0 QQC“'”‘QQ@ m«’l“l‘@ o low w

N N Ey LH range Cr(p <0)
B < _“_ELL(E <0)
Jh Aot AL 9

p LA L
thin wire (folded) strong capacitive coupling
(n20) non-resonant transmission line
H I high w
® %:: —> RH range LR(,H, > 0)
m T CR(E > 0)
split ring resonator strong inductive coupling

C. Caloz, Materials Today, March 2009.
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Overview of Applications

GUIDED WAVES
+ Enhanced-bandwidth

components
+ Multi-band (2,3,4) devices
+ Tight broadband couplers
+ UWB filters
+ Small/high-Q resonators
4+ Beam-forming networks
+ Distributed amplifiers
+ Transceivers
+ Impulse-regime devices

+ Analog signal processors

RADIATED WAVES
+ Leaky-wave antennas (LWA)

+ Backfire-to-endfire scanning
+ Conical beam 2D antennas

+ ‘Smart’ Reflectors

+ Compact/high-gain antennas
+ Multi-band antennas

+ Low-profile monopoles

+ Active digital beam-shaping
+ Direction of Arrival

+ MIMO

+ Real-Time Spectrum Analysersl

L2
= K
REFRACTED WAVES

+ TL distributed NRI slab

+ 3D isotropic NRI MTM

+ Perfect parabolic refractor
+ Endfire antennas

+ Surface plasmon waveguide
+ NRI meta-interface

+ Anisotropic spatial filters

+ Artificial plasmas

+ Artificial dielectrics

%+ Ferromagnetic nanowires

+ Meta-substrates 12
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LWA: wave guiding structure that allows y
energy to leak out as it propaga’[es i ' — const. amplitude
along a direction of propagation | y o X[, 7TT const phase

Y(z,2) = e Ve IRvY

_ (E.i—j_dze—crﬁ) e —jkyy

‘g‘n o .-'-%2 [E"

hy = V MB — Hill_l[_.-"'_ /K

Advantages
1. Simple and single feed
2. Highly directive
3. Frequency scanning

Limitations _ Uniform Periodic

1. L|m|_tec_l scan_nl_ng range | Quadrants W BW + FW
2. Radiation efficiency n ~ size _
Broadside NO NO

A. Oliner and D. R. Jackson, “Leaky-wave Antennas,” in Antenna Engineering Handbook,
4% ed., J. L. Volakis, Ed. McGraw-Hill, 2007, ch. 11.

14



;'ff;ggg;fm CRLH Backfire-to-Endfire Leaky-Wave Antennas
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12 ; ——
» RH L-P~stop band .-/’, o ] ’A B
10
9 ol ..
. ~ radiation .
N 8 8=—ko ”
= K_/ WEF
%Z 7 \ — B = +ko
y .
% 6 U-r‘BWD\‘.
-2
& 4} guidance Nwol/ S .
3 WBFp--{---f------ esesssamascas
, ‘ ' guidance
11 LH HP stop band:\ a """""""""
0 : -
—7r B<0(H) o 3>0(RH
vp=(a+ji3)p
W= Wwp
broadside
- *® J— 1 i .
omr << R [E’MB = sin™ " (58/ko)
backward
Wp < W< WEF
W=WwBF = forward
backfire A * fund. mode = simple & efficient feed
source -7

» full-space scanning

* traveling-wave @ =0
= also BROADSIDE !
 »-and e- scanning

varactors

- 15
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WLE;%N,EQAJE Active Aperture-Digitized Beam-Formers \SRMES
Uniform = Binomial >

+€x /2 , .

—0y/2

Vap(2)] v
Hap Whinomial

Piniform

Maximum Directivity Minimum Slidelobes

~E\ T /P 3ucsse
“\ i /5 HPBW=154°
f "SLL=-xdB

amplifier

' aite-nuatdrp
o

e

hase

* Any aperture distribution

= beam shaping

 tunable amplifiers (VGA)

— real-time scanning & shaping

« ‘aperture digitization’

e real-time DSP: DOA & MIMO 5

F. P. Casares, C. Camacho, and C. Caloz, IEEE T-AP, vol. 54, no. 8, pp. 2292-2300, Aug. 2006.
S. Abielmona, H. V. Nguyen, F. P Casares, and C. Caloz, IEEE AP-S, June 2007, 5593-5596. 16
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Conventional LWA Power-recycling LWA

Operation and Radiation Efficiency

L. R =R+F

I:)rad ZUOPZ
3. 1, = Pag _ 0% :770(Pi+Pf)

P P P

H. V. Nguyen, A. Parsa and C. Caloz, IEEE T-MTT, to be published.
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Amplitude & Phase Conditions
— + +
V, =S,V, +S,.V, =0

Rat-race implementation benefits

© Isolation between 2 input ports
© Arbitrary power coupling ratio P/ P,
© Termination port = power regulation

during transient regime

H. V. Nguyen, A. Parsa and C. Caloz, IEEE T-MTT, to be published.
H. V. Nguyen, S. Abielmona, A. Parsa and C. Caloz, patent filed. 18
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Open-loop LWA
» 3-dB LWA — 7, = 50% (lossless)
«P,=P,/2

Currents

1. BBE0e +BE1
7. 5646 +0EE
4, 97 70 +E0E
3, 2745 +0EE
2. 1544 e+EE0
1. 4175e+

Power-recycling LWA
 3-dB feedback LWA system

Pi=R  7,=50%

19
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Open-loop LWA Power-recycling LWA

FW Measured FW Measured
G 3.68 dB 3.70 dB 6.73 dB 5.77 dB
D 7.84 dB 7.88 dB 7.85 dB 7.42 dB

7, 38.36% 38.00% 771.27% 68.45%

20
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Prototypes and Results

-15° 0 15°

I —Fllwave
R I : :
-60° I - . -l

= Measureriient -~

=75°[

-90°

(a) ¢ =07 plane

Magnitude (dB)

—25 | w F1]]-wave 1
S91
-30 f === Neasurement .
=35 ' ' :
45 4.55 46 4.65 47
frequency (GHz)
—15° 0 15°

Full-wave
- === \easurement

—-75°

—90°!

(b) ¢ = 90° plane

21
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Conventional LWA array Power-recycling LWA array
________________ b s
LWA: v = —jJ I
—a—js ™ /->/ IWAG=:2) S =a _J0 e
LWA: y=a—j3 [
LA LWA=+1): v = a — j3 =

IWA: v =a — i3 W
" L » ﬁ@—v/ LWA(n=0): vy =a — 34
LWA: v =a—3j3 Wik
‘;_14/ LWA(=-1): v =a — jj3 /9 7 Y
LWA: v =a — i3 [ ; . >
;'_24/ L“'A(I]Z—Q}f = 0 —J.lf /L"N&lh

5
@@é@@

77array =T :1_6_20[6
Operation N 1. io(o,o) =1
l @~ ~— 2. | +1(O+d go/z
| | @ 3. IiZ(O,ier a4 / 2
1My = T
—2T 2 Cy sy o) = nona)®
—2d -d 0 d 2d 0 l

H. V. Nguyen, S. Abielmona and C. Caloz, IEEE AWPL, vol. 8, pp. 441-444, March 2009. -
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MONTREAL

P

_ rad __ I
77 B LS DR . -h
array P o=a
i2 —1

0 -

77array =

Conventional LWA Power-recycling LWA
array array

Length of elements @ @

Number of elements @ @

H. V. Nguyen, S. Abielmona, A. Parsa and C. Caloz, patent filed.

23
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Full-wave Results ~15° 15°

N G D HPBW ey
@B) | ©B) T

~605 60°
1 6.84 11.15 300 96°  37.60% WA +\ measured Ji«-xl |
_ 5|mulat|on-._ N
3 10.72 12.53 31° 62° 65.89% =75t Va5 A7
5 1245 13.51 31° 43° 78.29% ~90° 90°
(b) zz-plane cut at broadside frequency
S50 9" qse
Full-wave and Measurement Comparison (N = 5)

H PBW narray

1245 1351 31.00° 45000 78.29% _ss Fw
Measure 1235 14.57 31.06° 36.42° 60.06%

~ . 75°

50°

G (c) zy-plane cut at broadside frequency.

) array D

24
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Principle Angular Spectrum
A Qo 70
- A VAT VATV §
o F / 0(V) RN 8%
T N = N ~50
70 t == £
70 _/ :,....:.EC..:::,: 2 40 | |
oo L Yy S L] \
e T T e - - . 2 A2
: 3 : % 20_/" t N
- CRLH LWA : =3 \/\ /\ /\/
: Power Power . 10 \/
1 |detector #1 detector #2| | 0 \/ j
0 20 40 60 80 100 120 140 160 180
v 5SP: Y Angle, (Deg.)
- ‘ - = 4Receiver #2
Receiver #1 ‘»MUSIC algorithm4 ecelver
- q ; tion: Full-space electronically-scanned
wo modes of operation: CRLH LWA

o Analog : Power detectors
— max Rx power
o Digital : MUSIC

— S/N decomposition

25
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Rx mode Forward scanning
configuration 00 _ 90°
“— MAX
. Power S Power . <«
— e -—
. detector 2 detector 1 .
MIN —> Electronically-scanned <— MIN
CRLH LWA
Differential Power Measurement
AP =PD1-PD2

\ Leakyi)Leaky /
~ \BWD

0 0, +900 6



B%“TEES;FQUE DoA Estimation using CRLH LWA: Left Quadrant " 'GRAM N

MONTREAL

Rx mode A Forward scanning

configuration 0 00 _, 909
MAX —> 4 Y

_>. Power S e |, Power -

- <« (= P —>

detector =y detector
MIN -—>. . .(—- MIN
2 Electronically-scanned 1
CRLH LWA

Differential Power Measurement
AP =PD1-PD?2

0‘ 6, +9 0)0

0

AP (W)

27
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4 coLe Analog DoA Estimation using CRLH LWA
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PD2

Right-handed/forward mode
f,=4.25GHz 0,=28°

Left-handed/backward mode

f,=3.45GHz, 6, = -31°

> ©_°_>eries bias' (V1) -
b ‘ Shunt bias (V2) | -

g P P

A/ DC bias lines

{=11em(1.1iatf = 3 GHz)
p=8mm (0.22/'.gm f,=3 GHz)

. - PDl -=-PD2 ] ! J oDl -m PD2 4
—-PDI - PD2 9 z l . 1203
- 0.9 + —-4-PD1 -PD2 ™ L .
3 Y e 2 . 0.0 | Z
2 8t ‘ = o po04 2
2 =3 Oé_ 0.8 1 r 3
L 3 [y =
58 ¢ Jos = 8 =S 07} 5§
B & By 20 [ ] Bt
2 g — & 2 e 06 06
v =) 1 +h = o = E—
= = 0.7 o a L= ps5m =
= _ e = A g v G
e =1 = — 079 3
= o — T 5] D 0.4 f = s
=2 {06 = & N8 D2
= =] ER | -08 =
S = E o
z. los = 5 021 2
‘ ; - ' \K/Y/‘L_ng %
- -
0 T T T T T TU,4 0 T [ [ ' ®
10 15 20 25 30 35 40 10 15 20 25 30 35 40

Angle of Arrival 6°

Angle of Arrival 6°

S. Abielmona, H. V. Nguyen, and C. Caloz, IEEE T-AP, to be published.
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MIMO Dynamic Radiation Pattern Diversity

B T T T T T T
75 D =C-BW (bits/s)
7,
? 6.5 o ¥
=3
@
a
5.5}
© ——%
=L
@ br
O
4.5t -5-DRDP MIMO 2x2 (Cmax)
- Conventional 3x3 MIMO
4 - Average PD MIMO 2x2 (Cav)
3.5

o

1ID 1I5 2I0 2I5
K (Number of patterns)

J.-F. Frigon, C. Caloz and Y. Zhao, in Proc. IEEE RWS, Jan. 2008.

30

35

“Sea

rch and Lock” — Real-time calibration

of best channel - Smart MIMO

Capacity

161 |—*~K=1 (Conv. 2x2 MIMO)
——K=2
147 |-e-K=8
——K=32

—Conv. 3x3 MIMO

10+

8_

6

4

B

2]
00 5 1'0 1'5 20

SNR (dB)

29
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Magnitude Engineering Impulse-Narrowband radio = filters

superheterodyne receiver (1918)

Mixer  BP Filter IF Amp Demod

% % | Output

LO Tuning
Control

pwave filters Matthaei Young Jones

RF Amp

+ signal generators

db
L]
dby

sToP
AAND

rags rass
[ BAND tl:'m\""
T

T
o BAND~-STOP FILTER !

1o

ATTENUATION — dB

i P153 BARD

ATTEFNUAT
=
z
=
ATTENUATION
ATTENUATICON

PASS BAND == o

i

o ; !
LW -PASE FILTER FilGH-PARE FILTER

 Little “phase engineering”, except all-pass filters (t, equalization)

* No systematic exploration for exploiting

— analoq signal processing devices & systems

e.g. millimeter-wave analog signal processors "
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S Dispersion Engineering in EM & Radio

MONTREAL

Dispersion (Phase) Engineering Energy

broadband wireless (e.g. UWB) W = l {d[‘wg);_f_ﬂ + d[\w,u.),H—l = 0
METAMATERIALS

4| dw dw

<—m

d(we) d(wp)
>0 > (
dw dw
Pulse-broadband radio = ‘phasers’ =
o superluminal =<0 @ 1< 0
t ,

DISPERSION ENGINEERING
ANALOG SIGNAL PROCESSING (ASP) |
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MONTREAL

Input Transducer Output Transducer

W=

Piezoelectric Substrate

Ytrium Iron Gamet Layer Groundplaos
Size ¥ + Delay N : © f,+ BW + Delay N : © BW + delay N : © BW + Delay N : ©
fABWYV: 0 Magnet + Loss : ® Size M + Cryogenics : ® Size M : ® Ripples : ®
SAW MSW Coupler chain Chirped TL

A T e e
1
1
g

sionionlonionlonlonlonlonlonlosl P P P : 7.4 I : I | . 11

BW + Delay A : © ; Ripples: ©
Engineerable: ©; Size : ©

BW + Delay P : ©; Ripples: ©; f,N: ©O; Design: ©
Fixed profile : ©; Size N : ®

CRLH TL All-pass network DDL

33
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cveamor: — CRLEH Impulse Regime Dispersion Properties Sahres
» 2-Port transmission (reflection) phase:
. 1 .. 5
O(w) = @, + b (0- b D (- +
(@) w=ay 0 (- a,) 5 (0- )
PHASE DELAY GROUP DELAY DISPERSION
PARAMETER PARAMETER PARAMETER

» Transfer function & impulse response for a signal envelope in a retarded frame:

) =|H (w)|exp j%észa)z} h(t)ocexp{jit}

| \/ﬂm
INPUT , OUTPUT 2~ ?
v |V
4 il

* For effective medium (e.g. CRLH)
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Analog Signal Processing (ASP) Applications

Poly )

PHASE VELOCITY
PARAMETER: [,

GROUP VELOCITY
PARAMETER: [3,

GROUP VELOCITY
DISPERSION PARAMETER:

Multi-band components

Tunable delay line

Real-time Fourier
Transformer (RTFT)

Bandwidth enhancement

Dispersion compensator

Frequency discriminator

Coupling enhancement

Pulse position modulator

Real-time spectrum
analyzer (RTSA)

Flexible combiner/divider

Tunable pulse generator

Temporal Talbot Effect

Direction of Arrival (DoA)

True time delayer

Spatio-Temporal Talbot
Effect

Active systems

Convolvers and
correlators

Solitons/Shock Waves...

\FrAMES
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Tunable CRLH Delay Line

12 Mixer N P
)))))))
C

<
Qo
c
@
@

RLLH Transmlssmn Line

LO: Local Oscillator

vt Praposed theory, from pulse maxima locations in time
s Bl easured, from pulse maxima locations on oscilloscope
mmwm From derivation of measured unwrapped phase of 52] ()

512 | -@

2 22 24 26 28 3 3.2
Frequency [GHz]

S. Abielmona, S. Gupta, and C. Caloz, IEEE MWCL, vol. 17, no. 12, pp. 864-6, Dec. 2007.

1
1

“imlanleslenionlasl S [P P [P [ -

fc= 3.2GHz

Normalized voltage

fc= 19GHz

o B B e o B e e B e B e e

— Measured
=== Simulated

0.4
0.3
0.2
0.1
[:I . = 1 1 - ] ‘-i_ 1
0 10 20 30 40 50 60

Time [nsec]
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2 o UWB - Pulse Position Modulator (PPM): Principle 5.
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gl

\d{t wo) = Beos(w.t) 3 plt = nTy — 7y(wo)]

n=>0
Pulse Antenna
generator Mixer
CRLH dispersive d(t)
ﬂ ﬂ ﬂ delay line N W, -;..J?
. . 11E T I:u_‘:l J — . : . .
of T sin(fp) \wi o w?
Frequency 12 __‘:,
source I R
Clock Es— ¥ |
fo = f, for bit'0 | N
fC — fl for blt 1 4,5;_-_5_---._._ i e __.:_-:':'_"_'",....‘-*
) I . . . . . 1 .

Frequency [GHz]

H. V. Nguyen, and C. Caloz, IEEE MWCL, vol. 18, no. 6, pp. 527-529, Aug. 2008.
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Quaternary PPM
State Data bits [ (GHz) 74 (ns) f. = f,, for bit'00'
Pulse . Antenna 4 by by Eq. (2) i
generator  Mixer N 0 0 0 2500 10948 f, = fo, for bit'01
CRLH dispersive \d({) 1 0 1 2050 15339 .
delay line 2 1 0 1850 19529 f, = f,, for bit 10
301 1 1725 23.769 -
f =f, forbit'l1l
Frequency ¢ 11
source g [ —— : : ‘ i
Clock ab [ T | | -
L 1 P ] Redfl
1 I I T AT I I
10100 s | O . , , G !
'E 0 L 1 1 1 I 1 E 06' l
] 2n 40 &0 =5 100 120 1440 160 180 e M I
time (ns) T I I
2044 Tz
& [ l ! Lo E |
Frequency sources ™ S ab T . R E 0 |
—— g : r : Lo G !
' AN ENEEREEREERET
- | | I 0 20 40 60 80 100 120 140 160 180 200
1] in 40 &0 S!:Itim'lelillil;ng:l 120 140 L] 150 200 time [ns)

H. V. Nguyen, and C. Caloz, IEEE MWCL, vol. 18, no. 6, pp. 527-529, Aug. 2008.
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fILSB USB WLSB

o B, o 5]
Mixer CRLH Mixer 1" \  CRLH Z o8
#1 DDL#1 . #2 LPE i+ DDL #2 = 06
IE<\ RF IF RF i 3
BRBEDE %*111}11%3}3;"2'},%04-
4 Envelope E o
LO T.\}"'-— LO T b Detector > " 0 . MAAV/
o L - : . ST 0 5 0 15
d m{j GJC = Zmd d Time (ns)
Tunable Dispersion
delay compensation

Output

Ar,=16.5ns
‘- r(o,)

1 _ A = == Input pulse #1
B [ L - - -~ Input pulse #2 N ) g T
HE Do Output pulse DDL #2 h £
08k : ﬁf_,_ l]. 2 ns—m “ _ \
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J. S. Gémez-Diaz, A. Alvarez-Melcon, S. Gupta, and C. Caloz, "Novel spatio-

temporal Talbot phenomenon using metamaterial composite right/left-handed Broadside Radiation
leaky-wave antennas " J. App. Phys., vol. 104, pp. 104901:1-7, Nov. 2008.
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Ferromagnetic Nanowire (FMNW) Metamaterial

Fabrication Process of FMNW

Anodization of Al :
nanoporous Al,O,

Nanoporous template
Ferromagnetic plating

20 - 200 nm

—_— l—

40 - 400nny

500 nm =

L.-P. Carignan, M. Massicotte, C. Caloz, A. Yelon, and David Ménard., IEEE T-Mag., vol. 45, no. 10, 4070-4073, Oct. 20009.

Hysteresis
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Rt I I — /,”/;/ |
2 - ~
= 0.0 . —n
= | £ Hy
0.5} ;;f _—) -
/////
) S A .
-10 5 0 5 10

Applied magnetic field (kOe)

Unique Properties
» Highly homogeneous ( p<<i)
» Self bias
> High o (> 35 GHz)
> Integrated magnetics
> Dispersion eng. (ZZ )
> Double FMR
» High power handling
> High T stability (high T,)
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Magnetic properties tuned via:

» wire diameter: 10 - 100 nm
# * material composition: NiFe and CoFeB alloys
* nano-disk thicknesses: 5 nm — 500 um
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Bistable FMNWs Interaction fields FMR frequencies

-

FMNWs 3=
% nnan /ﬂ /mﬂ m H_) /
- h”l ﬂ]ihﬂm lJ U V.H=0 frequency up
LU L S
e V- 4
} frequency down

» 2 peaks associated with the 2 magnetization states (1 and |)

» Applications: dual-band microwave devices

L.-P. Carignan, C. Caloz, and D. Ménard, IMS (2009).
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: Microstrip line measurements
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L.-P. Carignan, V. Boucher, T. Kodera, C. Caloz, A. Yelon, and D. Ménard, Appl. Phys. Lett., vol. 52, pp. 062504-1:3, Aug. 2009.
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T. Kodera and C. Caloz, “Uniform ferrite-loaded open waveguide structure with CRLH response and its application to a
novel backfire-to-endfire leaky-wave antenna,” IEEE T-MTT, vol.57, No.4, pp.784-795, April 2009.

Leaky-Wave Electronic Monopole Loop Antenna
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T. Kodera and C. Caloz, IMS2009, June 2009.
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d 2000 — 2010: from fiction to reality !

[ Novel concepts & applications

with 1D, 2D & 3D MTMs

d TL MTMs = low-loss:

> Smart antennas

d TL MTMs = broad-band & dispersive:

» Analog signal processors

d Nostructured MTMs:
» FMNW composites
d Future:

MTMs




