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Main topics today

* Some general properties of metamaterials
* Artificial magnetics

* New high-impedance surfaces

* Antennas in metamaterial shells

* Antenna miniaturization

* Near-field control
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Energy density

Considering metamaterials with negligible losses (in some frequency

Limitations on material parameters

Again for low-loss materials:

ranges):
de(w) de(w) _ 2(eg —€)
1 d(we(w)) 2, 1 dwp(®) ; >0 >
w=z —— E - - H
w=g = — |E|* + 5y w:u0| | dw dw w
From here:
Assume that € and  are independent from the frequency (near wy):
d(we(w)) d(wp(w))
1 1 > €, >
w = Ze(wo)|BI? + 3p(wo) HI” dw 0 dw T
But w > 0 in passive media! Also,
) : ) ' - ) d(we(w))
Conclusion: It is not possible to neglect dispersion if the material o > 2e0 — €(w)
parameters are negative.
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On modelling of magnetics

Aw?
= po 1+W

OK at low frequencies [(w) = O(w?)] and near the resonance, but
non-physical at high frequencies!

Condition
di
(@)
dw

breaks down at w > v/3wy.

On the non-dispersive model

R

—

)V, — C<0

Connect V = V; sin(wt) at time ¢ = 0:

cos(wt) + wRC sin(wt) — e~ Fe
1+ w?R2C?

i(t) = VowC

Exponentially grows if C' < 0!

April 20, 2005

April 20, 2005




d

HELSINKI UNIVERSITY OF TECHNOLOGY

HELSINKI UNIVERSITY OF TECHNOLOGY
SMARAD Centre of Exceller

w What really happens?

2
e(w) = €€y 750 17 ﬁ

O—E
C G (@) Vo -

Z

No instabilities! And no exotic response!

Acrtificial magnetic materials

w w

(a) (b)

© (G}
(a) Single split-ring resonator. (b) Split-ring resonator (SRR). (c)
Modified split-ring resonator (MSRR) (d) Cross section of the Swiss

roll.
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Metasolenoid Artificial impedance surfaces
w
8
z
R = d
a L Ih
AT ‘Cross secion of the structure
V\ Not excited P X
b d Metal patches (e.g., rectangular plates) ><>< /E
Two examples of alternative geometries of the metasolenoid. |:
Metal pins <
Melal ground plane Upper surface.
“Mushroom layer” New HIS — artificial magnetic layer
April 20, 2005 April 20, 2005 10
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On metamaterial coverings

Question: How thin (meta)material coverings influence antenna
performance? (Is it possible to reduce the size and increase the

bandwidth?)

11

Example: Infinite current line

.
AT
NI

~

Thin material cover

Thin metal wire

Thin infinite metal cylinder, radius r,, with a given time-harmonic

current 1.
The source is covered by a material cylinder of radius a < A (rg < a).
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Electric and magnetic fields

The electric field:

E, = CHéZ)(kUr), r>a

{Ez = AHéz)(kr) + BHél)(kr)7 ro <r<a,

The magnetic field:

ik
o (AHl(Q)(kr) +BH§1)(kr)> , ro<r<a

Boundary conditions

Continuity conditions for £, and H,:

AHS? (ka) + BHSY (ka) = CH{? (koa)
ok

e (AH{Q)(ka) T BH}“(ka)) = CH® (koa)

Relation between the wire current I and the magnetic field H,, at the
wire surface r = ro: 2nroH, = I, thus

__J 9B _
eT Top or ) ko @, 2mj k
oo CH,™ (kor), r>a ﬂi#m (AH{Z)(kro) + BH{U(kro)) =i
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Assumptions and solution Impedance per unit length
Assumptions: koa < 1, |kla < 1, 7y < a = the solution is The quality factor we define as usually:
. w
o wl 2j vka Ykoa Q= wiv
A=-— {H0+M+7r [ulog 5~ holog — P
B ) where W is the average reactive energy stored in the resonator and P
go_vI {uo 4+ 2 {ulogﬁa ~ 1o log M] } is the total dissipated power.
8 m 2 2
To evaluate this, we introduce the wire impedance per unit length
wpol
C=—— 7= B0
(v =~ 1.781 is the Euler constant) z
wpo L w 4 a
Z=—4j— log —— — log —
1 T |wolog oo (1 — po) log o
April 20, 2005 15 April 20, 2005 16
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Lossless covering material Antenna quality factor
Consider exponentially growing (or decaying) amplitude of harmonic 10X (), 9
oscillations. Complex frequency Q = w — ja, @ < w: W=o—"2, 11|
%—WzZaW Q—ﬂ— w 0X(w)
t " P 2R 0w
. OX (w) . OR(w)
Z(2) = R(Q X(Q) ~ R X — 0wty
(@ = RO+ iX(@) ~ 7w + a5 1 [ x(0) - o 25 QoL [Pem) a4
T Ow To vkoa
On the other hand,
P AX(w) But we know that
G _ _ 2_ w2 O(wpr)
5 = (RelZ(Q)] = Rraa) |I” = a=5 1| ) >4
!
April 20, 2005 17 April 20, 2005 18
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Lossy and dispersive covers

The quality factor can be found only if we know the internal structure of
the system.

Assume a magnetic modelled by

o (14 2
BE wi —w? + jwl’
Then
Z = Zyire + Zmedium

Equivalent circuit

i i, ©
N .
. L DX
.

w, LW LW a
Zyire = 45 + ]ﬂ log s Zmedium = ]*(H — fio) log -
4 2 vkoro 2m To jw3(]\12/L)
Z, jal = —5———5 with =1/VL
material UJZ‘; — P + _]OJ(R/L) t wo / C
April 20, 2005 19 April 20, 2005 20
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Stored energy and loss power Efficiency and quality factor
L HL? Ucl? w?M?C(1+w?LC) |I|? _ Praa _ 1
Winedium = L 2 ¢ 2 ~ (1-w?LC)?+w?R2C? 2 Prad + Ploss 14 4wy M?
At the resonant frequency poR
]\/[2|I‘2 _ W<Wwire + I/Vmedium)
Winedium (wo) = 2o Qrotal Prad + Pross
1 [1 (1 4 )+ 4M?
AM2C2R|I? =——F 2 |z (g —— —
Blap= R\IL|2 _ WQ < ‘ 2| . 14 4woM? |7 vkoro noR2C
(1 —w2LC)? +w2R2C 1R
w3 M?|I? 1 1 4 202 A
Poss(wo) = UTH Quotal = —5 47— {7 (10g vkoro 1) * —Iq'z log ﬁ]
1+ il log — m YRoTo T To
7wl T
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leltlng cases Discussion |
1. Small losses (R — 0): No passive media in thermodynamic equilibrium can store negative
reactive energy
1
Qtatal = W
“o Field instabilities take place in non-equilibrium systems that can be
(most of the energy is stored in the medium layer and almost all the described by negative energy density
power goes into heat)
2. Fixed efficiency (R), the resonant frequency and the coupling. To
decrease Qo1 We increase C' — oo. This means L — 0. The total
impedance of a medium particle is simply resistive:
W M?
Zmedium = OT’ and  Qrotal = NQwire
April 20, 2005 23 April 20, 2005
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Discussion |1 Discussion |11
The use of (low-loss) Veselago materials does not allow to realize Veselago material shells around an antenna "increase radiated power"
negative capacitance or negative inductance. (R. Ziolkowski) as well as shells of usual materials
Such "negative capacitor" made of a wire medium is equivalent to a
parallel connection of a normal capacitor and a hormal inductor.
F
April 20, 2005 25 April 20, 2005 26
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What can work? Antenna miniaturization
* Radiating inclusions, instead of material coverings. Increase of the For resonant antennas like microstrip antennas and PIFAs, the main
stored reactive energy can be overcompensated by an increase of idea is to fill them with a magnetic:
the radiated power.
. . . 1 v Hr
* Shells of resonant dimensions. New materials can offer more F. ~ , BW~
possibilities in optimizing resonant antennas. VErkr VEr
* Non-uniform coverings or material inclusions. This can modify the Figure of merit?
current distribution, possibly leading to increased bandwidth.
. Ac_tlvg materla_ls. If the passivity requirement is dropped, itis in 0> (koa < 1)
principle possible to overcome the limitation (koa)?
O(wpir) >1 a) QV should be minimized
Ow or b) QF?2, should be minimized
without introducing heavy losses. The bandwidth can be very large
for very small antennas.
April 20, 2005 27 April 20, 2005 28
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Numerical model Numerical results
> o
7 mm_| \19 m o
g g .
ShOﬂ/" || ™ feed ma.terlal & o
24mm _ filling o T Chon :
[ sol| =~ fL4GHz H
5.9 mm N £205GHz '
12 13 14 15 nv 17 18 19 2 21 22 05 ) 15 2 25
. Frequency [GHz] Frequency [GHz]
Apw,
M(w):uo(1+2l+n6) . . ) o ) -
Wom — W=+ Jomw Non-dispersive filling Dispersive isotropic material filling
April 20, 2005 29 April 20, 2005 30
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Filling metamaterial

— sets of metasolenoids

Experiments: Filled PIFA

Experiments: Filled PIFA

filling
: el g
150 - = )
100|
Il
]
50 7

Two possible regimes: Resonant inclusions or non-resonant magnetic

-50 '-:I/
|
a b w g d € 100
mm [ mm | mm | mm mm -150 !
35 (35|04 | 1.0 | 0.127 | 2.20 - j0.002 } 200 ]
- . 08 0.85 0.9 F?(?lslﬂ 1 1.05 1.1
1 € is the permittivity of the host substrate.
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Resonant inclusions Metamaterial fl”lng
® L
— Patch with no loading
- = Reference bloc} l Metasole
k == Metasolenoids ) 07 075 08 085 09 095 1 1.05 L1 L15 12
| X F [Glz)
ml
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Measured parameters Measured parameters
Resonant inclusions Metamaterial filling
Loading Fres | BW BW n Qo | QoF3, Loading Fres | BW BW n Qo | QoFres®
=D =03 —6dB —9.5dB
GHz percent percent percent GHz percent percent percent
Air 1.30 4.5 2.7 94 27.2 59.8 Air 1.05 3.6 29 84 34.3 40.2
Reference blocks | 1.29 4.4 26 93 276 59.3 Reference blocks | 0.95 25 15 74 51.0 432
Metasolenoids 1.26 5.4 43 90,90,88 71 | 22.1 45.8 Metasolenoids 0.86 2.2 13 70 59.4 37.8
April 20, 2005 35 April 20, 2005
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Microstrip antennas

Calculated results:

Microstrip antennas

Measured results:

] \/
e : ]
‘ground plane.
Frequency, GHz
‘April 20, 2005 37 April 20, 2005 38
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Near field control Exact Image theory
B, = ZnxH=1ZnxH=lnxH I = 84 (O - 2KV~ "HU, (0)1
Zs = Zs/n, Y, =Y., 1= /o/€o The total field in the far zone:
antenna R _ nk /A e—ik(r—hcos0) N e—dk(r+hcos0)
V8r VE(r —hcos8)  \/k(r + hcosf)
T" T e dklVaGtrt (bt Q) cos ]
—2jkY, / L S Y |
impedance VE[r + (h+¢) cos 6]
surface 0 0
The integral converges if
: Im{Y;} <0 or Im{Z,} >0 (positive reactance)
April 20, 2005 39 April 20, 2005 40
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Far-field pattern Near-field pattern
-Y, .. k
F(0) = |1+ 0= Y5 zjincone E =T [H? (kV/r? = 2rhcoso + 12)
cos + Yy 4
+H(()2) (k\/ 72 4+ 2rhcos + h2) - 2jKG} I
where
G= /e’jTSCHéz) (\/(kr cosf + kh + ()% 4 (krsin 0)2) d¢
. . J
The field pattern:
J7% (\/(kr)2 + 2k2rh cos b + (kh)?) —2Y.G
F(kr,0) =1+ -
7 = 100/ 7= H <\/(kr)2 —2kZrhcos 0 + (kh)?)
April 20, 2005 a1 April 20, 2005 22
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Numerical example

--------- Farzone
9 =10

)

Z;=j

Compromise: Moderate inductive surface impedance

Experimental set-up

r’

4

|s
T
L LTI
A

.
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Near field distributions

Local screening effect (LSE)

LSE = the ratio (in dB) between the field amplitudes at two points

: located in front (= > 5 mm) and behind (z < —45 mm) the antenna
. . structure
: : The averaged screening effect (ASE) = the averaged value of LSE over
N " N " these two planes
" " For the mushroom structure ASE is approximately equal to 15 dB for
B ; electric fields and 20 dB for magnetic fields.
Electric field Magnetic field
April 20, 2005 45
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Full-sized folded dipole

over a mushroom layer with a moderate inductive surface impedance

15_ [T

Near-field distibutions

B T % = N
Electric field

Magnetic field
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Main antenna parameters

Metal | Mushrooms Jerusalem

plate crosses
Central frequency, GHz | 1.81 1.77 1.83
Radiation efficiency, % | 76 73 88
Total thickness H, mm | 9.35 8.3 12.3
Bandwidth, % - 5.5(-9.5dB) | 4(—10dB)
Electric field ASE, dB 15 13 15
Magnetic field ASE, dB | 15-17 | 12-13 13-15
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