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EBG DNG

• Bulk material in 
1D, 2D, 3D

• Period ≈ λ
• Bragg effect

• Bulk material in 1D, 2D, 3D
• Period « λ
• Effective medium theory -

homogenization

Fan structure
Woodpile structure

There are different types of artificial materials (metamaterials)
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ENG
(ε < 0, μ > 0)

DNG
(ε < 0, μ < 0)

MNG
(ε > 0, μ < 0)

DPS
(ε > 0, μ > 0)

ε

μ

Metamaterials  ( MTMs ) have exotic properties 
that may have a high impact on a wide variety of practical applications

Zero-indexMNZ

E
N
Z
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The Debye, Lorentz, and Drude linear polarization models
produce well-known material responses
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Where do the negative values appear?

real part is negative
just above the resonanceLorentz

real part is negative
for all frequencies below 

the plasma frequency
Drude

Lorentz behavior = narrow bandwidth
Drude behavior = broad bandwidth

REAL MTMs ARE DISPERSIVE 
AND LOSSY
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Metamaterials  ( MTMs ) realizations

Typical DNG realizations: most well-known - Wire and SRRs

Sizes ~ λ/3-λ/8
Not always well matched to free space 

Losses are always an issue: need to be minimized 
for practical applications

Fabrication issues

Size constraints: gaps, traces, material types
Layer registration (alignment)
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ENG
(ε < 0, μ > 0)

DNG
(ε < 0, μ < 0)

MNG
(ε > 0, μ < 0)

DPS
(ε > 0, μ > 0)

ε

μ

UA Unit Cell
meanderline with
lumped element

inductor
~ λ / 100

Recent lumped element-based DNG metamaterial designs 
and experiments have achieved very small ( λ/75 ) unit cells

Zero-index

ZloadZloadZload

ZloadZloadZload

UA
Electric and Magnetic  

Molecules
for 

RAMs, Smart skins
and

FDTD ABCs
( Physics-based PMLs )

10×10×2.54mm3

λ /75 unit cell

UA Unit Cell
CLL with

lumped element
capacitor
~ λ / 100

A. Erentok et al, 
APL, Nov 2007
JAP, Aug 2008
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MNG portion ENG portionRohacellTM spacer

Complete NIM slab ( ~ 900 Unit Cells )
This work was supported in part by DARPA

Contract number HR0011-05-C-0068.

( not to scale )

3.11realn = − with a loss of 0.91 dB/cm at 400 MHz for λ /75 unit cell
with Z ~ 0.76 Z0

Lumped-element based unit cells have achieved the smallest, 
lowest frequency ENG, MNG, DNG (NIM) materials to date
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Metamaterials provide a means to enhance various
performance characteristics of a variety of antenna systems

☺Electrically small antennas – ENG, MNG, DNG MTMs and
the corresponding inspired near-field resonant parasitics

☺Multi-functional antennas – multi-frequency NFRPs, LP vs CP

☺Low profile antennas – AMCs via MNG ( high impedance ) substrates

☺Directive antennas – Zero-index ( ε = μ = 0, Z=Z0 ) substrates 

☺Dispersion-compensated antennas – all MTMs are dispersive

☺Ultrawide Band (UWB) antennas – NFRPs as filters, 
add-on functionality 
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What is an antenna??

Antennas are transducers: They take voltages and currents 
(charges and their motions) and transform them into
electromagnetic waves

Source Transmission line Antenna EM wave region

Designs: tailor currents to achieve desired performance characteristics

Match to source Match 
to 

free
space
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Computational Electromagnetics Modeling (CEM)
Applied to Antennas

● Method of Moments ( MoM )

● Finite Element Method ( FEM )

● Finite Difference Time Domain ( FDTD )

NEC (numerical electromagnetics code, Gerry Burke), Mini-NEC, ADS Momentum

ANSYS/ANSOFT High Frequency Structure Simulator HFSS (Zolton Cendes)

Remcom XFDTD (Luebbers), SEMCAD (Nik Chavannes, ETH-Z), GEM (Raj Mittra)

● Finite Integration Technique ( FIT )

CST Microwave Studio ( Thomas Weiland, old MAFIA code )
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Computational Electromagnetics Modeling (CEM)
Applied to Antennas

● NEC

● HFSS

● FDTD, FIT

Wire antennas, circuit loads

General 2D and 3D structures, CAD draw, localized 
mesh refinement, optimizer, multi-processor 

Co-design (circuits + radiating structures) 
with HFSS Designer (equivalent two-ports)  

Time behavior, dispersive material models
nonlinear models
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Small Dipole Antenna:
Fields and Wave Impedance
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Small Dipole Antenna:
Field Regions

{ } { } { }32

1 11Field
rr r

= + +i ii iii

Near
field

Far
field

Induction 
field
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Small antennas radiate primarily in a dipole mode

Power Pattern = sin2 θ
Directivity = 1.5 sin2 θ
Max Directivity = 1.5 = 1.76 dB

z

Small
Electric Dipole

TM10 mode
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Small Dipole Antenna:
Radiated Power
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Juxtaposition of positive and negative material 
leads to the possibility of electrically small systems

R1

R2

2(k1L1 + k2L2) 
= m2π

m = 1,2,… L1 L2

DPS DPS

L1 L2

DPS DNG

E = Σmn amn TEmn + bmn TMmn

bmn=
Amn + j Bmn

Cmn + j Dmn 0, Resonant

0, Non-radiating

k1L1 + k2L2
= 0

L2/λ2 = (n1/|n2|)(L1/λ1)
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Analytical Solutions Demonstrate the Existence of
Electrically Small Radiating and Reciprocal Scattering Systems

R. W. Ziolkowski and A. D. Kipple, IEEE Trans. AP, vol. 51, no. 10, pp. 2626-2640, October 2003
R. W. Ziolkowski and A. D. Kipple, Phys. Rev. E., vol. 72, 036602, September 2005

Total
Scattering

Cross
Section

r1 = 10 mm, f0 = 300 MHz, λ0 = 1000mm

Total 
Magnetic Field

Intensity 
Scattering Case

Receiver

Plane Wave Source
in far field

y
x

D.O.P

Ex

Hy

r1

r2

DNG
Shell

z

kr2 = 0.117
r2 ~ λ0 / 53.5

Dipole Source

x

z

y

Receiver
in far field

D.O.P

Eθ

Hφ

Radiated
Power
Ratio

r1 = 10 mm, f0 = 300 MHz, λ0 = 1000mm

Total 
Magnetic Field

Intensity 
Source Case

DNG
Shell

kr2 = 0.117
r2 ~ λ0 / 53.5
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Basic circuit representation of an antenna

Zs

Zant
= Rant + j Xant
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EMN provides both resistive AND reactance matching

External Matching Networks

Antenna
External
Matching
Network

Traditional

Zs

Passive: Even narrower bandwidth
Active: Can increase bandwidth – but 

real components generally limit result
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Metamaterial-engineered ESAs

Electrically small electric dipole = highly capacitive element

a
λ/4 resistance transformerSource

Xind = X*
ant   Xtotal = 0

Input impedance matched to the source Γ = 0
Max Accepted Power

Desire: Source a ¾ No matching circuit
¾ Efficient ESA

MTM “thing-a-ma-jigger”

Inductor
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Efficiencies

Source

2Γ

21

accepted

in

P

P⎡ ⎤= − Γ⎣ ⎦
inP

radiatedP

21
radiated

radiation in

P

e P⎡ ⎤= − Γ⎣ ⎦

RE = Prad / Pacc
OE = Prad / Pin

Electrically Small Antenna Terminology
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Frequency bandwidth

Narrowband antenna: VSWR half-power bandwidth ( –3dB ) BW = f2-f1

Broadband antenna: 10dB bandwidth ( VSWR < 2 )  BW = f2-f1

S11

–3 dB
–10dB

frequency
f1 f2

f1 f2
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Quality factor and bandwidth limits

2

Half Power VSWR

Q
FBW

=

low
ra

er
t

n
i

ou
o

b d

QQ
Q

=

Electrically small:
k0a ≤ 0.5
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We were told: “It can not be done”

Radiated Power Ratio

r1 = 10 mm, f0 = 300 MHz, λ0 = 1000mm → r2 ~ λ/50, ka ~ 0.12 

R. W. Ziolkowski and A. D. Kipple, Phys. Rev. E., vol. 72, 036602, September 2005 

Ideal analytical solution:
Constant current on the dipole

RPR → Radiation resistance ratio

This would imply that the radiation resistance 
would be Mega-ohms in size 

→ it could not be 
coupled (matched) to a real source ( 50Ω )
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Free Space

E-plane
and

H-plane
patterns

radius ~ λ/52
ka ~ 0.12

OE ~ 100%

Center-fed dipole-ENG shell example: Using a highly subwavelength
resonator to achieve a metamaterial-based 

efficient electrically-small antenna (ESA)

R. W. Ziolkowski and A. Erentok, “Metamaterial-based efficient electrically small antennas,”
IEEE Trans. Antennas Propagat., vol. 54, pp. 2113-2130,  July 2006 
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The resonant metamaterial shell acts as a 
parasitic element

Driven element Parasitic element

Parasitic:
● Impacts the load the source sees ( changes the input impedance )
● Impacts the radiation efficiency
● Impacts the pattern
● Allows feed/source to remain the same
● Flexible multi-function designs
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Source coupled to a NFRP element, i.e., 
a lossy, electrically small resonator

Lossy resonator:
● Peak of resistance and zero crossing of the reactance 

are no longer coincident

● The zero crossing and the resistance values can be 
tuned separately

Match resonator type to source type based on MTM behaviors

Near-field:
● Large field values
● Allows simultaneous matching to source 

and to free space 
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Near-Field Resonant Parasitic (NFRP) Antenna

Radiated
power

Field tunnels through a
high potential barrier

Lossy
LC

Resonator

NFRP provides means for
the antenna to be 

nearly perfectly matched
to the source

AND
to free space

Potential barrier greatly reduced

Engineer the parasitic to get  Xtotal = 0, Rin=50Ω, Rout=377Ω
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ε

μ

ENG
Shell

MNG
Shell

DNG
Shell

Metamaterial-based efficient ESAs
Both electric and magnetic versions have been developed

Electric
Dipole

Magnetic
Dipole

Adjust antenna and shell to achieve complete impedance matching
100% OE for lossless MTMs, perfect metals

DPS
Region
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Proves that the MNG sphere provides
the predicted matching capabilities
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UA has successfully developed several
metamaterial-inspired efficient electrically-small antennas

EZ Electric

2D

3D

ka ~ 0.5
OE > 90%

FBWVSWR ~ 1-4%

EZ Magnetic

A. Erentok and R. W. Ziolkowski
IEEE Trans. Antennas Propagat. 
vol. 56 , pp. 691-707, Mar 2008 Resonant near-field parasitic designs
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Several metamaterial-inspired antennas 
have been fabricated and tested successfully

2D Mag EZ
2D Elec EZ

3D Mag EZ 3D Z
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The Z antenna has been shown to achieve very good 
performance for a very electrically small antenna

34.4%60.5%71.2%93.4%OE

λ / 396λ / 194λ / 138λ / 44size

0.0160.0320.0460.114ka

67.4137.5193.7611.1Res. Freq. (MHz)

8000 nH2000 nH1000 nH100 nHInductor

Only height of monopole was varied to achieve complete matching

Inductor

a = 11.25 mm

S11 (dB)

Qratio ~ 7

R. W. Ziolkowski, AWPL, 
vol. 7, pp. 217-220, 2008
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First fabrication/measurement attempt of Z antenna
Catastrophic structural failure during shipping
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dDa
dt

dDp
dt

Ca

Cp

Lp

Near-field
Evanescent 

Wave coupling

Far-field
Propagating

waves

Analogous to dielectric resonator antenna
But resonator is very electrically small

What is the essence of the MTM-inspired antennas?? 
Resonant Near-Field Parasitic

Strong resonator that leaks (lossy) – reactance matched 
AND resistance matched to source and to free space
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Small
Ground plane

Large
Ground plane

2.5cm monopole

Z antenna size comparisons
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S11

Very good agreement has been obtained between HFSS predictions 
and measured results for the 40mm×40mm, 47nH case at 560 MHz

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

400 450 500 550 600 650 700 750 800

Frequency (MHz)

To
ta

l R
ad

ia
te

d 
Po

w
er

 R
el

at
iv

e 
to

 H
or

n 
(d

B
)

Z-Antenna A: No Ground Plane
Z-Antenna A: Ground Plane
Z-Antenna B: No Ground Plane
Z-Antenna B: Ground Plane
2.5 cm Monopole: Ground Plane

Best: ~ –0.7dB ( OE ~ 80%), FBW ~ 3%, Qratio ~ 4

Monopole
with 

External
Matching
Network
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Very good agreement has been obtained between 
HFSS predictions and measured results for the 169nH case

These initial results were a bit disappointing – they
are for the worst case scenario for the inductor.

Redesign shows over 80% efficiency

-3.13  dB
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ε

μ

ENG
Shell

MNG
Shell

DNG
Shell

Metamaterial-inspired efficient ESAs
Both electric and magnetic versions have been developed

Electric
Dipole

Magnetic
Dipole

Adjust antenna and NFRP to achieve complete impedance matching
AND resistive matching to free space > 90% OE

DPS
Region
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Chu limit Thal limit

ONLY reactive energy 
outside of radiansphere

INCLUDES reactive energy 
inside of radiansphere

( )Chu lower bound rad 3
1 1Q
ka ka

η
⎡ ⎤

= +⎢ ⎥
⎢ ⎥⎣ ⎦

Thal l.b. Chu lb

Chu lb

electric 1 type
magnetic typ

.5     
3.0     e

Q Q
Q

=

=

What is the minimum Q ( FBW~ 2/Q ) for an ESA ??
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Ansoft Corporation ShellIndRad_1_205mmRadiation Pattern 1
Curve Info

rETotal
Setup1 : Sw eep3
Freq='298.3149MHz' Phi='90deg'

Canopy antenna was developed to explore reaching
the Chu/Thal limit passively and beyond actively

298.26 298.27 298.28 298.29 298.30 298.31 298.32 298.33 298.34 298.35 298.36
Freq [MHz]

-60.00

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

dB
(S

(W
av

eP
or

t1
,W

av
eP

or
t1

))

Ansoft Corporation ShellIndRad_1_205mmXY Plot 3

m1

Curve Info

dB(S(WavePort1,WavePort1))
Setup1 : Sw eep3

Name X Y

m1 298.3149 -52.5779

fres ~ 300 MHz
ka  ~  0.047
OE ~  97%
QChu ratio = 1.75
QThal ratio = 1.17

Copper NFRP morphed to “fill” radiansphere

Inductor
legs
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We tried to push the Q ratio results below: Qratio ~ 1.75

LAX antenna

fres = 297.7784 MHz
ka = 0.0463
OE= 94.642 %
Qratio = 1.81

Slotted canopy antenna

fres = 299.0767 MHz
ka = 0.0465
OE= 96.032 %
Qratio = 1.75

fres = 299.1150 MHz
ka = 0.0465
OE= 92.927 %
Qratio = 1.78

Modified canopy antenna
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Spherical cap monopole, Qratio = 1.5 Four-leg canopy antenna, Qratio = 1.75

Lower bound reached with pure Jθ = sin θ currents

Zin = 5Ω, Not matched Matched Zin = 50Ω



47

Reaching the Chu lower bound with electric type ESA 
with ε → 0 filling

Idealized
metamaterial

filling

Dispersion
not

included
in

0 < ε < 1
hemisphere

Drude model,
Dispersive

Metamaterial
Filling

MTM
0 < ε < 1

Hemisphere
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Approaching the Q lower bound

Q ~ 7 QChu
~  5 QThal

Q ~ 4.3 QChu
~ 3 QThal

Q ~ 1.75 QChu
~ 1.17 QThal

Z antenna Stub antenna Canopy antenna

Practically speaking – how useful is a ka = 0.047 antenna
whose fractional bandwidth is

0.021%

??????????



49

Passive metamaterials
Dispersion narrows the bandwidth

Dispersion Engineering provides a means to recover bandwidth advantages

R. W. Ziolkowski and A. Erentok, IET Microwaves, Antennas Propag., vol. 1, pp. 116-128, February 2007 

Infinitesimal dipole-multi-layered spherical shell system 
with geometry and material optimizations

Active metamaterials
to tailor the slope

Combine two resonance lines:
one passive, one active

Active metamaterials
Achieve bandwidths similar to constant ENG values

controls the 
 

    

band

 

w d

 

th

 

i

f ε∂
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EMN provides both resistive AND reactance matching

Going beyond the passive lower bounds, i.e., How useful is a λ/135 antenna with FBW~0.021% ??

External versus Internal Matching Networks

Antenna
External
Matching
Network

Traditional

Zs

Different Paradigm

Internal
Matching

Circuit
Antenna

Zs

Antenna System

IMN provides ONLY reactance matching



51

Active internal matching element ( NIC = 
Negative Impedance Convertor ) leads to interesting bandwidths

Curve fitting to HFSS-predicted
resonance frequencies when 

only inductor values are varied

L = a0 + a1 / f2  

With the curve fit inductor values, i.e., the 
active circuit, HFSS predicts essentially 

the same performance

Active design: ka = 0.047 antenna with >10% bandwidth   

∂ω ( ωL ) < 0
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Thank you for listening  ☺

Any questions ??
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