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METAMATERIAL ANTENNAS FOR WIDEBAND OPERATIONS

PRIORITY CLAIM AND RELATED APPLICATION
[0001] This patent document claims the benefit of the U.S.
Provisional Patent Application Serial No. 61/091,203 entitled
“Metamaterial Antenna Structures with Non-Linear Coupling
Geometry,” filed on August 22, 2008 and U.S. Patent
Application Serial No. 12/536,422 entitled “Metamaterial
Antennas for Wideband Operations,” filed on August 5, 20009.
The entire disclosure of these applications is incorporated

herein by reference.

BACKGROUND
[0002] This document relates to metamaterial antenna devices
for very wideband operations.
[0003] The propagation of electromagnetic waves in most
materials obeys the right-hand rule for the (E,H,R) wvector
fields, where E is the electrical field, H is the magnetic
field, and R is the wave vector (or propagation constant).
The phase velocity direction is the same as the direction of
the signal energy propagation (group velocity) and the
refractive index is a positive number. Such materials are
“right handed (RH)” materials. Most natural materials are RH
materials. Artificial materials can also be RH materials.
[0004] A metamaterial (MTM) has an artificial structure. When
designed with a structural average unit cell size p much
smaller than the wavelength of the electromagnetic energy
guided by the metamaterial, the metamaterial can behave like a
homogeneous medium to the guided electromagnetic energy.
Unlike RH materials, a metamaterial can exhibit a negative
refractive index, and the phase velocity direction is opposite
to the direction of the signal energy propagation where the
relative directions of the (E,H,[B) vector fields follow the

left-hand rule. Metamaterials that support only a negative
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index of refraction with permittivity ¢ and permeability n
being simultaneously negative are pure “left handed (LH)”
metamaterials.

[0005] Many metamaterials are mixtures of LH metamaterials and
RH materials and thus are Composite Right and Left Handed
(CRLH) metamaterials. A CRLH metamaterial can behave like a
LH metamaterial at low frequencies and a RH material at high
frequencies. Implementations and properties of various CRLH
metamaterials are described in, for example, Caloz and Itoh,
“Electromagnetic Metamaterials: Transmission Line Theory and
Microwave Applications,” John Wiley & Sons (2006). CRLH
metamaterials and their applications in antennas are described
by Tatsuo Itoh in “Invited paper: Prospects for
Metamaterials,” Electronics Letters, Vol. 40, No. 16 (August,
2004) .

CRLH metamaterials can be structured and engineered to exhibit
electromagnetic properties that are tailored for specific
applications and can be used in applications where it may be
difficult, impractical or infeasible to use other materials.
In addition, CRLH metamaterials may be used to develop new
applications and to construct new devices that may not be

possible with RH materials.

SUMMARY
[0006] MTM antennas described in this document provide
spatially varying electromagnetic coupling that enables
impedance matching conditions for different operating
frequencies of the MTM antennas so that such MTM antennas can
operate at different frequencies for wideband applications.
[0007] In one aspect, a method for wideband antenna operations
based on a composite right and left handed (CRLH) metamaterial
antenna structure includes providing an antenna including a
CRLH metamaterial structure that includes a cell patch, a

launch pad separated from the cell patch by a gap and
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electromagnetically coupled to the cell patch through the gap
to direct a signal to or from the cell patch; structuring the
cell patch, the launch pad and the gap to effectuate spatially
varying electromagnetic coupling that provides impedance
matching for different operating frequencies over a wideband.
[0008] In another aspect, an antenna device based on a
composite right and left handed (CRLH) metamaterial antenna
structure includes a substrate having a first surface and a
second surface opposite to the first surface; a cell patch
formed on the first surface; and a launch pad formed on the
first surface and separated from the cell patch by a gap. The
launch pad is electromagnetically coupled to the cell patch
through the gap to direct a signal to or from the cell patch.
This device includes a feed line formed on the first surface
and coupled to the launch pad to conduct the signal to or from
the cell patch; a via line formed on the second surface and
coupled to a ground electrode outside a footprint of the cell
patch on the second surface; and a via formed in the substrate
to couple the cell patch on the first surface to the via line
on the second surface. The substrate, the feed line, the cell
patch, the launch pad, the via line, and the via form a CRLH
metamaterial antenna structure. The cell patch, the launch
pad and the gap, are structured to effectuate spatially
varying electromagnetic coupling that provides impedance
matching for different operating frequencies over a wideband.
[0009] In yet another aspect, an antenna device based on a
composite right and left handed (CRLH) metamaterial antenna
structure is provided to include a substrate having a first
surface and a second surface opposite to the first surface,
and first and second metallization layers formed on the first
and second surfaces, regpectively. The first and second
metallization layers include a cell patch formed on the first
surface, a launch pad formed on the first surface and

separated from the cell patch by a gap, a feed line formed on
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the first surface and coupled to the launch pad to conduct an
antenna signal to or from the cell patch, a ground electrode
formed on the second surface and located outside a footprint
of the cell patch projected onto the second surface, a via
line formed on the second surface and coupled to the ground
electrode on the second surface, and a via formed in the
substrate to couple the cell patch on the first surface to the
via line on the second surface. The substrate, the feed line,
the cell patch, the launch pad, the via line, and the wvia form
a CRLH metamaterial antenna structure that receives the
antenna signal from the air or transmits the antennal signal
into the air via the cell patch and other parts of the CRLH
metamaterial antenna structure. The cell patch, the launch
pad and the gap in the first metallization layer are
structured to have at least one of a spatial variation in a
dimension of the gap along the gap, and a spatial wvariation in
either or both of the cell patch and the launch pad along the
gap to effectuate spatially varying electromagnetic coupling
that provides impedance matching for different operating
frequencies over a wideband.

[0010] These and other aspects, and their implementations and
variations are described in detail in the attached drawings,

the detailed description and the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] FIG. 1 shows an example of a 1D CRLH MTM TL based on
four unit cells.
[0012] FIG. 2 shows an equivalent circuit of the 1D CRLH MTM
TL shown in FIG. 1.
[0013] FIG. 3 shows another representation of the equivalent
circuit of the 1D CRLH MTM TL shown in FIG. 1.
[0014] FIG. 4A shows a two-port network matrix representation
for the 1D CRLH TL equivalent circuit shown in FIG. 2.
[0015] FIG. 4B shows another two-port network matrix
representation for the 1D CRLH TL equivalent circuit shown in
FIG. 3.
[0016] FIG. 5 shows an example of a 1D CRLH MTM antenna based
on four unit cells.
[0017] FIG. 6A shows a two-port network matrix representation
for the 1D CRLH antenna equivalent circuit analogous to the TL
case shown in FIG. 4A.
[0018] FIG. 6B shows another two-port network matrix
representation for the 1D CRLH antenna equivalent circuit
analogous to the TL case shown in FIG. 4B.
[0019] FIG. 7A shows an example of a dispersion curve for the
balanced case.
[0020] FIG. 7B shows an example of a dispersion curve for the
unbalanced case.
[0021] FIG. 8 shows an example of a 1D CRLH MTM TL with a
truncated ground based on four unit cells.
[0022] FIG. 9 shows an equivalent circuit of the 1D CRLH MTM
TL with the truncated ground shown in FIG. 8.
[0023] FIG. 10 shows an example of a 1D CRLH MTM antenna with
a truncated ground based on four unit cells.
[0024] FIG. 11 shows another example of a 1D CRLH MTM TL with
a truncated ground based on four unit cells.
[0025] FIG. 12 shows an equivalent circuit of the 1D CRLH MTM
TL with the truncated ground shown in FIG. 11.
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[0026] FIGS. 13A - 13D show an example of an MTM antenna
designed for very wideband operations, illustrating the top
view of the top layer, top view of the bottom layer, side view
and 3D view, respectively.

[0027] FIGS. 14A and 14B show the photos of a sample of the
MTM antenna shown in FIGS. 13A - 13D, showing the top view of
the top layer and bottom view of the bottom layer,
respectively.

[0028] FIGS. 15A and 15B show the simulated return loss and
measured return loss, respectively, of the MTM antenna shown
in FIGS. 13 - 14.

[0029] FIGS. 16A, 16B and 16C show the simulated E-field
distribution associated with the MTM antenna shown in FIGS. 13
- 14, at 3.8GHz, 5GHz and 8GHz, regpectively.

[0030] FIGS. 17A and 17B show the measured radiation patterns
for 3.3GHz and 4.5GHZ, respectively.

[0031] FIG. 18A shows an exemplary antenna positioning that
gives good efficiency when a laptop is open.

[0032] FIG. 18B shows the efficiency measured with the antenna
positioning in the laptop as shown in FIG. 18A.

[0033] FIGS. 19A - 19D show another example of an MTM antenna
designed for very wideband operations, illustrating the top
view of the top layer, top view of the bottom layer, side view
and 3D view, respectively.

[0034] FIGS. 20A and 20B show the photos of a sample of the
MTM antenna shown in FIGS. 19A - 19D, showing the top view of
the top layer and bottom view of the bottom layer,
respectively.

[0035] FIG. 21 shows the measured return loss of the MTM
antenna shown in FIGS. 19 - 20.

[0036] FIGS. 22A, 22B and 22C show the simulated E-field
distribution associated with the MTM antenna shown in FIGS. 19

- 20 at 3.2GHz, b5GHz and 8 GHz, respectively.



WO 2010/021854 PCT/US2009/053044

[0037] FIGS. 23A and 23B show the radiation patterns

associated with the MTM antenna shown in FIGS. 19 - 20 at

3.3GHz and 4.76 GHz, respectively.

[0038] FIG. 24 shows the simulated and measured Voltage
Standing Wave Ratio (VSWR) of the MTM antenna shown in FIGS.
19 - 20, indicated by sguares and circles, respectively.

[0039] FIG. 25 shows the measured efficiency of the MTM

antenna shown in FIGS. 19 - 20.
[0040] FIGS. 26A and 26B show the group delay curves measured

for the square MTM antenna shown in FIGS. 13 - 14 and the

circular MTM antenna shown in FIGS. 19 - 20, respectively.
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DETATILED DESCRIPTION

[0041] Metamaterial (MTM) structures can be used to construct
antennas, transmission lines and other RF components and
devices, allowing for a wide range of technology advancements
such as functionality enhancements, size reduction and
performance improvements. Examples of MTM antennas described
in this document are structured to have spatially varying
electromagnetic coupling that provides impedance matching for
different operating frequencies over a wideband.

[0042] The MTM structures can be implemented based on the CRLH
unit cells by using distributed circuit elements, lumped
circuit elements or a combination of both. Such MTM
structures can be fabricated on various circuit platforms,
including circuit boards such as a FR-4 Printed Circuit Board
(PCB) or a Flexible Printed Circuit (FPC) board. Examples of
other fabrication techniques include thin film fabrication
techniques, system on chip (SOC) techniques, low temperature
co-fired ceramic (LTCC) techniques, and monolithic microwave
integrated circuit (MMIC) techniques.

[0043] The MTM antenna structures can be designed for various
applications, including cell phone applications, handheld
communication device applications (e.g., PDAs and smart
phones), WiFi applications, WiMax applications and other
wireless mobile device applications, in which the antenna is
expected to support multiple frequency bands with adeguate
performance under limited space constraints. These MTM
antenna structures can be adapted and designed to provide one
or more advantages over other antennas such as compact sizes,
multiple resonances based on a single antenna solution,
resonances that are stable and do not shift substantially with
the user interaction, and resonant frequencies that are
substantially independent of the physical size. Furthermore,

elements in such an MTM antenna structure can be configured to
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achieve desired bands and bandwidths based on the CRLH
properties. Some examples of MTM antenna structures are
described in the US Patent Applications: Serial No. 11/741,674
entitled “Antennas, Devices and Systems Based on Metamaterial
Structures,” filed on April 27, 2007; and Serial Number
11/844,982 entitled “Antennas Based on Metamaterial
Structures,” filed on August 24, 2007. The disclosures of the
above US patent documents are incorporated herein by
reference. Certain aspects of MTM antenna structures are
described below.

[0044] An MTM antenna or MTM transmission line (TL) has an MTM
structure with one or more MTM unit cells. The equivalent
circuit for each MTM unit cell includes a right-handed series
inductance (LR), a right-handed shunt capacitance (CR), a
left-handed series capacitance (CL), and a left-handed shunt
inductance (LL). LL and CL are structured and connected to
provide the left-handed properties to the unit cell. This
type of CRLH TLs or antennas can be implemented by using
distributed circuit elements, lumped circuit elements or a

combination of both. Each unit cell is smaller than ~A/4

where A 1s the wavelength of the electromagnetic signal that
is transmitted in the CRLH TL or antenna.

[0045] A pure LH metamaterial follows the left-hand rule for
the vector trio (E,H,B), and the phase velocity direction is
opposite to the signal energy propagation direction. Both the
permittivity ¢ and permeability p of the LH material are
simultaneously negative. A CRLH metamaterial can exhibit both
left-handed and right-handed electromagnetic properties
depending on the regime or frequency of operation. The CRLH
metamaterial can exhibit a non-zero group velocity when the
wavevector (or propagation constant) of a signal is zero. 1In
an unbalanced case, there is a bandgap in which
electromagnetic wave propagation is forbidden. 1In a balanced

case, the dispersion curve does not show any discontinuity at
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the transition point of the propagation constant B (w,)=0
between the left- and right-handed regions, where the guided
wavelength is infinite, i.e., Ay =2n/IB| — ®, while the group
velocity is positive:

_do

=—1 >0
g dB 50

\%
Eg. (1)

This state corresponds to the zeroth order mode m=0 in a
transmission line (TL) implementation. The CRLH structure
supports a fine spectrum of resonant frequencies with the
dispersion relation that extends to the negative [ region.
This allows a physically small device to be built that is
electrically large with unique capabilities in manipulating
and controlling near-field around the antenna which in turn
controls the far-field radiation patterns.

[0046] FIG. 1 illustrates an example of a l-dimensional (1D)
CRLH MTM transmission line (TL) based on four unit cells. One
unit cell includes a cell patch and a via, and is a building
block for constructing a desired MTM structure. The
illustrated TL example includes four unit cells formed in two
metallization layers of a substrate where four conductive cell
patches are formed in the top metallization layer of the
substrate, and the other side of the substrate has the bottom
metallization layer as the ground plane. Four centered
conductive vias are formed to penetrate through the substrate
to connect the four cell patches to the ground plane,
respectively. The cell patch on the left side is
electromagnetically coupled to a first feed line, and the cell
patch on the right side is electromagnetically coupled to a
second feed line. In some implementations, each cell patch is
electromagnetically coupled to an adjacent cell patch without
being directly in contact with the adjacent unit cell. This

structure forms the MTM transmission line to receive an RF
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signal from the first feed line and to output the RF signal at
the second feed line.

[0047] FIG. 2 shows an equivalent network circuit of the 1D
CRLH MIM TL in FIG. 1. The ZLin’ and ZLout’ correspond to the
TL input load impedance and TL output load impedance,
respectively, and are due to the TL coupling at each end.

This is an example of a printed two-layer structure. LR is due
to the cell patch on the dielectric substrate, and CR is due
to the dielectric substrate being sandwiched between the cell
patch and the ground plane. CL is due to the presence of two
adjacent cell patches coupled through a coupling gap, and the
via induces LL.

[0048] Each individual unit cell can have two resonances Mg
and sy corresponding to the series (SE) impedance 7 and shunt
(SH) admittance Y. In FIG. 2, the Z/2 block includes a series
combination of LR/2 and 2CL, and the Y block includes a
parallel combination of LL and CR. The relationships among

these parameters are expressed as follows:

1 . I T |
s = JLL CR s = JIR CL’ Pr T JLR CR PO T JLL CL
1

- and Y = jwCR +-
JoCL JoLL

where, Z = joLR +

Eg. (2)

[0049] The two unit cells at the input/output edges in FIG. 1
do not include CL, since CL represents the capacitance between
two adjacent cell patches and is missing at these input/output
edges. The absence of the CL portion at the edge unit cells
prevents g frequency from resonating. Therefore, only s
appears as a zeroth order mode (m=0) resonance frequency.
[0050] To simplify the computational analysis, a portion of
the ZLin’ and ZLout’ series capacitor is included to
compensate for the missing CL portion, and the remaining input
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and output load impedances are denoted as ZLin and ZLout,
respectively, as seen in FIG. 3. Under this condition, all
unit cells have identical parameters as represented by two
series 7Z/2 blocks and one shunt Y block in FIG. 3, where the
7z/2 block includes a series combination of LR/2 and 2CL, and
the Y block includes a parallel combination of LL and CR.
[0051] FIG. 4A and FIG. 4B illustrate a two-port network
matrix representation for the TL without the load impedances
as shown in FIG. 2 and FIG. 3, respectively,

[0052] FIG. 5 illustrates an example of a 1D CRLH MTM antenna
based on four unit cells. Different from the 1D CRLH MTM TL
in FIG. 1, the antenna in FIG. 5 couples the unit cell on the
left side to a feed line to connect the antenna to an antenna
circuit and the unit cell on the right side is an open circuit
so that the four cells interface with the air to transmit or
receive an RF signal.

[0053] FIG. 6A shows a two-port network matrix representation
for the antenna in FIG 5. FIG. 6B shows a two-port network
matrix representation for the antenna in FIG 5 with the
modification at the edges to account for the missing CL
portion to have all the unit cells identical. FIGS. 6A and 6B
are analogous to the matrix representations of the TL shown in

FIGS. 4A and 4B, respectively.

[0054] In matrix notations, FIG. 4B represents the

relationship given as below:

Vin B AN BN Y Vout
lin ] \CN AN\ Iout

Eq. (3)

where AN=DN because the CRLH MTM TL in FIG. 3 is symmetric

when viewed from Vin and Vout ends.
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[0055] In FIGS. 6A and 6B, the parameters GR’ and GR represent
a radiation resistance, and the parameters ZT’ and ZT
represent a termination impedance. Each of ZT’, ZLin’ and
ZLout’ includes a contribution from the additional 2CL as

expressed below:

2
ZLin'= ZLin + - 2 . ZLout'= ZLout+- . 2T =ET +-
L JCL Lo

Eg. (4)

[0056] Since the radiation resistance GR or GR’ can be derived
by either building or simulating the antenna, it may be
difficult to optimize the antenna design. Therefore, it is
preferable to adopt the TL approach and then simulate its
corresponding antennas with various terminations ZT. The
relationships in Eqg. (2) are valid for the TL in FIG. 2 with
the modified wvalues AN’, BN’, and CN’, which reflect the
missing CL portion at the two edges.

[0057] The frequency bands can be determined from the
dispersion equation derived by letting the N CRLH cell
structure resonate with nm propagation phase length, where
n=0, £1, X2,.. IN. Here, each of the N CRLH cells is
represented by Z and Y in Eg. (2), which is different from the
structure shown in FIG. 2, where CL is missing from end cells.
Therefore, one might expect that the resonances associated
with these two structures are different. However, extensive
calculations show that all resonances are the same except for

n=0, where both s and wsy resonate in the structure in FIG. 3,

and only wsy resonates in the structure in FIG. 2. The
positive phase offsets (n>0) correspond to RH region
resonances and the negative values (n<0) are associated with

LH region resonances.
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[0058] The dispersion relation of N identical CRLH cells with

the 72 and Y parameters is given below:

NAp=cos’(Ay), =|A K1 = 0<y=-ZY<4 VN

WhﬂeAN:1MGwmr%mmmmﬂﬂ:2me{QL¢m2xm{E%%H

and A, =—1atodd resonances |n| =2m+1e {1,3,..{2 X Int[%j - lj}

Eq. (5)

where Z and Y are given in Eq. (2), AN is derived from the
linear cascade of N identical CRLH unit cells as in FIG. 3,
and p is the cell size. 0dd n=(2m+l) and even n=2m resonances
are associated with AN=-1 and AN=1, respectively. For AN’ in

FIG. 4A and FIG. ©6A, the n=0 mode resonates at ®yg = gy only

and not at both wsr and wsy due to the absence of CL at the end
cells, regardless of the number of cells. Higher-order
frequencies are given by the following equations for the

different values of % specified in Table 1:

2 2 2
W+, + A w
Forn>0,w; =—4 S; L+ (

2 2 2 \2

akH'+akE'FX‘DR 2 2

— Wgpy Wgp
2

Eq. (6)

[0059] Table 1 provides y values for N=1, 2, 3, and 4. It
should be noted that the higher-order resonances |n|>0 are the
same regardless if the full CL is present at the edge cells
(FIG. 3) or absent (FIG. 2). Furthermore, resonances close to
n=0 have small y values (near y lower bound 0), whereas
higher-order resonances tend to reach % upper bound 4 as
expressed in Eqg. (b).
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Table 1: Resonances for N=1, 2, 3 and 4 cells

N In|=0 In|=1 [n|=2 [n|=3
\Modes

N=1 A 1,0=0 ; ® = gy

N=2 A 2,0=0 ; ® = Wgy

N=3 A 3,0=0 ; ® = Wgy

N=4 A 2,00=0 ; ®y = Wgn

[0060] The dispersion curve [ as a function of frequency ® is
illustrated in FIGS. 7A and 7B for the wsr=wssz (balanced, i.e.,
LR CL = LL CR) and wg#0gsy (unbalanced) cases, regpectively. In
the latter case, there is a frequency gap between min (®gg, Osz)
and max (®gg, ®sz) . The limiting frequencies Oy, and Wy values
are given by the same resonance equations in Eq. (6) with ¥y
reaching its upper bound y=4 as expressed in the following

egquations:

(0]

2 Ll 4 Ap? 2 Ll 1 Aw? 2
2 _Wey TW T3Wg || Wgg T W T30 | 5 9
min — ) ) su Dsg

(0]

2 2 L 42 2 2 L 42 2

2 gy t O +40y WDgy + W + A0 2 2

max + - a)SH a)SE
2 2

Eq. (7)

[0061] In addition, FIGS. 7A and 7B provide examples of the
resonance position along the dispersion curves. In the RH
region (n>0) the structure size I1=Np, where p is the cell
size, increases with decreasing frequency. In contrast, in the
LH region, lower frequencies are reached with smaller values

of Np, hence size reduction. The dispersion curvesg provide
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some indication of the bandwidth around these resonances. For
instance, LH resonances have the narrow bandwidth because the
dispersion curves are almost flat. In the RH region, the
bandwidth is wider because the dispersion curves are steeper.
Thus, the first condition to obtain broadbands, 1°" BB

condition, can be expressed as follows:

d (AN)

COMM:ﬁBBmmmm%dﬁ|:u do <<l near @ = @,,, = @y, Oy, Dy ...

O e ,/il-ANzi

res

dx

— 2 2 2

= |d’B|: do <<1 with p = cell size and dz| = wzi” l—wSEjoSH
|d C{)| Z da) res a)R a)+n
2p x| 1-% -

4 res
Eg. (8)
where % is given in Eqg. (5) and oz is defined in Eqg. (2). The

dispersion relation in Eqg. (5) indicates that resonances occur
when |AN|=1, which leads to a zero denominator in the 1°" BB
condition (COND1l) of Eg. (8). As a reminder, AN is the first
transmission matrix entry of the N identical unit cells (FIG.
4B and FIG. 6B). The calculation shows that COND1 is indeed
independent of N and given by the second equation in Eg. (8).
It is the values of the numerator and % at resonances, which
are shown in Table 1, that define the slopes of the dispersion
curves, and hence possible bandwidths. Targeted structures are
at most Np=A/40 in size with the bandwidth exceeding 4%. For
structures with small cell sizes p, Eg. (8) indicates that
high wz values satisfy COND1l, i.e., low CR and LR values,
since for n<0 resonances occur at % values near 4 in Table 1,
in other terms (1- %/4 — 0).

[0062] As previously indicated, once the dispersion curve

slopes have steep values, then the next step is to identify
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suitable matching. Ideal matching impedances have fixed values
and may not require large matching network footprints. Here,
the word “matching impedance” refers to a feed line and
termination in the case of a single side feed such as in
antennas. To analyze an input/output matching network, Zin and
Zout can be computed for the TL in FIG. 4B. Since the network
in FIG. 3 is symmetric, it is straightforward to demonstrate
that Zin=Zout. It can be demonstrated that Zin is independent
of N as indicated in the equation below:

Fin ¥ = E :E:E[pi}

cH 21 4
Eg. (9)

which has only positive real values. One reason that B1/Cl is
greater than zero is due to the condition of |AN|L1 in Eq.

(5), which leads to the following impedance condition:
0<-ZY=y<4.

The 2"® broadband (BB) condition is for Zin to slightly vary
with frequency near resonances in order to maintain constant
matching. Remember that the real input impedance Zin’ includes
a contribution from the CL series capacitance as expressed in

Eg. (4). The 2" BB condition is given below:

d Zin
dw

conD2: 2% BB condition : near resonances, <<1 Eq.

near res

(10)

[0063] Different from the transmission line example in FIG. 2
and FIG. 3, antenna designs have an open-ended side with
infinite impedance which poorly matches the structure edge
impedance. The capacitance termination is given by the

equation below:
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AN

s =
TN

(11)

which depends on N and is purely imaginary. Since LH
resonances are typically narrower than RH resonances, selected
matching values are closer to the ones derived in the n<0
region than the n>0 region.

[0064] One method to increase the bandwidth of LH resonances

is to reduce the shunt capacitor CR. This reduction can lead

to higher wr values of steeper dispersion curves as explained
in Eg. (8). There are various methods of decreasing CR,
including but not limited to: 1) increasing substrate
thickness, 2) reducing the cell patch area, 3) reducing the
ground area under the top cell patch, resulting in a
“truncated ground,” or combinations of the above techniques.
[0065] The MTM TL and antenna structures in FIGS. 1 and 5 use
a conductive layer to cover the entire bottom surface of the
substrate as the full ground electrode. A truncated ground
electrode that has been patterned to expose one or more
portions of the substrate surface can be used to reduce the
area of the ground electrode to less than that of the full
substrate surface. This can increase the resonant bandwidth
and tune the resonant frequency. Two examples of a truncated
ground structure are discussed with reference to FIGS. 8 and
11, where the amount of the ground electrode in the area in
the footprint of a cell patch on the ground electrode side of
the substrate has been reduced, and a remaining strip line
(via line) is used to connect the via of the cell patch to a
main ground outside the footprint of the cell patch. This
truncated ground approach may be implemented in various
configurations to achieve broadband resonances.

[0066] FIG. 8 illustrates one example of a truncated ground
electrode for a four-cell MTM transmission line where the

ground electrode has a dimension that is less than the cell
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patch along one direction underneath the cell patch. The
bottom metallization layer includes a via line that is
connected to the vias and passes through underneath the cell
patches. The via line has a width that is less than a
dimension of the cell path of each unit cell. The use of a
truncated ground may be a preferred choice over other methods
in implementations of commercial devices where the substrate
thickness cannot be increased or the cell patch area cannot be
reduced because of the associated decrease in antenna
efficiencies. When the ground is truncated, another inductor
ILp (FIG. 9) is introduced by the metallization strip (via
line) that connects the vias to the main ground as illustrated
in FIG. 8. FIG. 10 shows a four-cell antenna counterpart with
the truncated ground analogous to the TL structure in FIG. 8.
[0067] FIG. 11 illustrates another example of an MTM antenna
having a truncated ground. In this example, the bottom
metallization layer includes via lines and a main ground that
is formed outside the footprint of the cell patches. Each via
line is connected to the main ground at a first distal end and
is connected to the via at a second distal end. The via line
has a width that is less than a dimension of the cell path of
each unit cell.

[0068] The equations for the truncated ground structure can be
derived. In the truncated ground examples, the shunt
capacitance CR becomes small, and the resonances follow the
same equations as in Egs. (2), (6) and (7) and Table 1. Two
approaches are presented below. FIGS. 8 and 9 represent the
first approcach, Approcach 1, wherein the resonances are the
same as in Egs. (2), (6) and (7) and Table 1 after replacing
IR by (LR+Lp). For |n|#0, each mode has two resonances
corresponding to (1) wiy for LR being replaced by (LR + Lp) and
(2) win for LR being replaced by (LR + Lp/N) where N is the
number of unit cells. Under this Approach 1, the impedance

equation becomes:
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EN Bl Z + 1-7-
Ziro BN _BLZ( r+k) (-2-2) , where p=—YZand 7= —YZ,,
CN C1 Y 4 M- 7— 7,/ N) #
Eg. (12)
where Zp=jWlp and Z, Y are defined in Eg. (2). The impedance
equation in Eg. (12) provides that the two resonances o and o’

have low and high impedances, respectively. Thus, it is easy
to tune near the ® resonance in most cases.

[0069] The second approach, Approach 2, is illustrated in
FIGS. 11 and 12 and the resonances are the same as in Egs.
(2), (6), and (7) and Table 1 after replacing LL by (LL+Lp).
In the second approach, the combined shunt inductor (LL+Lp)
increases while the shunt capacitor CR decreases, which leads
to lower LH frequencies.

[0070] The above exemplary MTM structures are formed in two
metallization layers, and one of the two metallization layers
is used to include the ground electrode and is connected to
the other metallization layer by conductive vias. Such two-
layer CRLH MTM TLs and antennas with vias can be constructed
with a full ground as shown in FIGS. 1 and 5 or a truncated
ground as shown in FIGS. 8, 10 and 11.

[0071] A multilayer MTM antenna structure has conductive
parts, including a ground, in two or more metallization layers
which are connected by at least one via. The examples and
implementations of such multilayer MTM antenna structures are
described in the US Patent Application Serial Number
12/270,410 entitled “Metamaterial Structures with Multilayer

(4

Metallization and Via,” filed on November 13, 2008, the
disclosure of which is incorporated herein by reference as
part of this specification. These multiple metallization
layers are patterned to have multiple conductive parts based
on a substrate, a film or a plate structure where two adjacent

metallization layers are separated by an electrically
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insulating material (e.g., a dielectric material). Two Or more
substrates may be stacked together with or without a
dielectric spacer to provide multiple surfaces for the
multiple metallization layers to achieve certain technical
features or advantages. Such multilayer MTM structures may
have at least one conductive via to connect one conductive
part in one metallization layer to another conductive part in
another metallization layer.

[0072] An exemplary implementation of a double-layer
metallization (DLM) MTM structure includes a substrate having
a first surface and a second surface opposite to the first
surface, a first metallization layer formed on the first
surface, and a second metallization layer formed on the second
surface, where the two metallization layers are patterned to
have two or more conductive parts with at least one conductive
via connecting one conductive part in the first metallization
layer to another conductive part in the second metallization
layer. The conductive parts in the first metallization layer
include a cell patch of the DLM MTM structure and a feed line
that is electromagnetically coupled to the cell patch without
being directly in contact with the cell patch. The conductive
parts in the second metallization layer include a via line
that interconnects a ground and the cell patch through a via
formed in the substrate. An additional conductive line, such
as a meander line, can be added to the feed line to induce a
monopole resonance to obtain a broadband or multiband antenna
operation.

[0073] The MTM antenna structures can be configured to support
multiple frequency bands including a “low band” and a “high
band.” The low band includes at least one left-handed (LH)
mode resonance and the high band includes at least one right-
handed (RH) mode resonance. These MTM antenna structures can
be implemented to use a LH mode to excite and better match the

low frequency resonances as well as to improve impedance
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matching at high frequency resonances. Examples of various
frequency bands that can be supported by MTM antennas include
frequency bands for cell phone and mobile device applications,
WiFi applications, WiMax applications and other wireless
communication applications. Examples of the frequency bands
for cell phone and mobile device applications are: the
cellular band (824 - 960MHz) which includes two bands, CDMA
(824 - 894MHz) and GSM (880-960MHz) bands; and the PCS/DCS
band (1710 - 2170 MHz) which includes three bands, DCS (1710 -
1880MHz), PCS (1850 - 1990MHz) and AWS/WCDMA (2110 - 2170MHz)
bands. A quad-band antenna can be used to cover one of the
CDMA and GSM bands in the cellular band (low band) and all
three bands in the PCS/DCS band (high band). A penta-band
antenna can be used to cover all five bands with two in the
cellular band (low band) and three in the PCS/DCS band (high
band) . Note that the WWAN band refers to these five bands
ranging from 824MHz to 2170MHz when applied for laptop
wireless communications. Examples of frequency bands for WiFi
applications include two bands: one ranging from 2.4 to
2.48GHz (low band), and the other ranging from 5.15GHz to
5.835GHz (high band). The frequency bands for WiMax
applications involve three bands: 2.3 - 2.4GHZ, 2.5 - 2.7GHZ,
and 3.5 - 3.8 GHz. An exemplary frequency band for Long Term
Evolution (LTE) applications includes the range of 746 -
796MHz. An exemplary frequency band for GPS applications
includes 1.575GHz. An exemplary frequency band for Wireless
Personal Area Network (WPAN) covers 3GHz - 8GHz, which
represents an example of the ultra wideband (UWB) which covers
3 GHz to 10.6 GHz.

[0074] A MTM antenna structure can be specifically tailored to
comply with requirements of an application, such as PCB real-
estate factors, device performance requirements and other
specifications. The cell patch in the MTM structure can have

a variety of geometrical shapes and dimensions, including, for
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example, rectangular, polygonal, irregular, circular, oval, or
combinations of different shapes. The wvia line and the feed
line can also have a variety of geometrical shapes and
dimensions, including, for example, rectangular, polygonal,
irregular, zigzag, spiral, meander or combinations of
different shapes. The distal end of the feed line can be
modified to form a launch pad to modify the electromagnetic
coupling to the cell patch. The launch pad can have a variety
of geometrical shapes and dimensions, including, e.g.,
rectangular, polygonal, irregular, circular, oval, or
combinations of different shapes. The gap between the launch
pad and cell patch can take a variety of forms, including, for
example, straight line, curved line, L-shaped line, zigzag
line, discontinuous line, enclosing line, or combinations of
different forms. Some of the feed line, launch pad, cell
patch and via line can be formed in different layers from the
others. Some of the feed line, launch pad, cell patch and via
line can be extended from one metallization layer to a
different metallization layer. The antenna portion can be
placed a few millimeters above the main substrate. Multiple
cells may be cascaded in series to form a multi-cell 1D
structure. Multiple cells may be cascaded in orthogonal
directions to form a 2D structure. In some implementations, a
single feed line may be configured to deliver power to
multiple cell patches. In other implementations, an
additional conductive line may be added to the feed line or
launch pad, in which this additional conductive line can have
a variety of geometrical shapes and dimensions, including, for
example, rectangular, irregular, zigzag, spiral, meander, or
combinations of different shapes. The additional conductive
line can be placed in the top, mid or bottom layer, or a few
millimeters above the substrate.

[0075] A conventional dipole antenna, for example, has a size

of about one half of one wavelength for the RF signal at an
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antenna resonant frequency and thus requires a relatively
large real estate for RF frequencies used in various wireless
communication systems. MTM antennas can be structured to have
a compact and small size while providing the capability to
support multiple fregquency bands.

[0076] The MTM antennas described in this document are
designed for wideband operations, e.g., ultra wideband (UWB)
and other wireless communications. The UWB technology has
been recognized as one of the promising solutions for short
range wireless communications because of the capability of
providing ultra high data rate with low power consumption.

UWB antennas are often specified to have a compact size while
maintaining a ultra-wide bandwidth with stable efficiency over
the band, so that they can be integrated in a small-size
device with the presence of other multiple antennas. Exemplary
implementations of MTM antenna structures that are compact in
size and can support UWB operations, such as the WPAN
operation ranging from 3GHz to 8GHz, are described below.
[0077] FIGS. 13A - 13D show an example of an MTM antenna
formed on a substrate and designed for wideband operations,
illustrating the top view of the top layer, top view of the
bottom layer, side view and 3D view, respectively. 1In the
Cartesian coordinate system shown, the top and bottom surfaces
of the substrate are in the X-Y plane and are displaced from
each other along the Z axis. This MTM antenna structure is an
example of a DLM MTM structure, which includes a substrate
1300 having a first surface and a second surface opposite to
the first surface, a first metallization layer (top layer)
1301 formed on the first surface, and a second metallization
layer (bottom layer) 1302 formed on the second surface, where
the two metallization layers 1301 and 1302 are patterned to
have two or more conductive parts. At least one conductive
via 1320 is formed in the substrate 1300 and connects one

conductive part in the first metallization layer 1301 to
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another conductive part in the second metallization layer
1302. These conductive parts include a feed line 1304, a
launch pad 1308, a cell patch 1312, a via pad 1324 and a via
line 1328 in this particular exemplary MTM antenna structure
shown in FIGS. 13A - 13D.

[0078] The cell patch 1312 is a part of the RF transmitting
and receiving structure of the MTM antenna that receives an RF
signal from the air or transmits an RF signal into the air.
The feed line 1304 has one end in communication with an
antenna circuit that generates and supplies an RF signal to be
transmitted out by the MTM antenna, or receives and processes
an RF signal received by the MTM antenna. The other end of
the feed line 1304 is connected to the launch pad 1308 to
conduct the RF signal to or from the launch pad 1308. The
launch pad 1308 is spaced from the cell patch 1312 by a gap
1316 and is electromagnetically coupled to the cell patch 1312
via the gap 1316 to conduct the RF signal. For this reason,
the gap 1316 is a coupling gap.

[0079] The electromagnetic coupling via the coupling gap 1316
is collectively dictated by various factors, primarily the
geometry and dimensions of the coupling gap 1316, the geometry
and dimensions of the cell patch 1312 and the geometry and
dimensions of the launch pad 1308. The electromagnetic
coupling via the coupling gap 1316 can affect the impedance
matching of the MTM antenna. The MTM antennas described in
this document are structured to effectuate spatially varying
electromagnetic coupling at different locations of the
coupling gap 1316 to provide desired impedance matching for
various operating fregquencies over a wideband.

[0080] In the specific example in FIGS. 13A-13D, the end of
the feed line 1304 that is not connected to the launch pad
1308 can be configured to connect to a CPW feed which is, in
turn, in communication with the antenna circuit. The CPW feed

can be formed in a top ground plane that is formed in the top
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layer, separated from the conductive parts and paired with a
bottom ground plane, which is formed in the bottom layer,
below the top ground plane and separated from the via pad 1320
and outside the footprint of the cell patch 1312.
Alternatively, the MTM antenna can be fed with a CPW feed that
does not require a ground plane on a different layer, a probed
patch or a cable connector. The other end of the feed line
1304 is connected to the launch pad 1308 to direct a signal to
or receive a signal from the cell patch 1312 through the
coupling gap 1316. The via 1320 is formed in the substrate
1300 to connect the cell patch 1312 in the top layer 1301 to
the via pad 1324 in the bottom layer 1302. The via line 1328
is formed in the bottom layer to connect the via pad 1324,
hence the via 1320 and the cell patch 1312, to the bottom
ground plane. These conductive parts and the substrate
together form an MTM antenna structure with the CRLH
properties.

[0081] Referring to FIGS. 13A and 13D, the launch pad 1308 is
generally rectangular in shape and has an inner rectangular
opening in which the launch pad 1312 is located. The cell
patch 1312 is also rectangular in shape and is enclosed within
the launch pad 1308. The coupling gap 1316 is thus non-linear
in shape and surrounds the cell patch 1312. 1In this example,
the MTM antenna is designed to provide spatially varying
electromagnetic coupling via the coupling gap 1316 to allow
for impedance matching at different frequencies over a
wideband. The width of the coupling gap 1315 varies and
changes from each corner of the cell patch 1312 to each side
of the cell patch 1312. The dimensions of the launch pad 1308
along the coupling gap 1316 also varies, e.g., the top part of
launch pad 1308 outside the coupling gap 1316 has an area
smaller than the area of each of other three sides of the
launch pad. This is an example of using a combination of

spatial variations in both the coupling gap 1316 and the
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adjacent areas of the launch pad 1308 to provide spatially
varying electromagnetic coupling via the coupling gap 1316.
The spatial variations are designed to create desired
impedance matching at different operating frequencies. 1In
other implementations, either the coupling gap 1316 or the
adjacent areas of the launch pad 1308 may be structured to
provide spatial variations to achieve desired spatially
varying electromagnetic coupling. In general, the cell patch
1312, the launch pad 1308 and the gap 1316 can be structured
to effectuate spatially varying electromagnetic coupling that
provide impedance matching for different operating frequencies
over a wideband.

[0082] In addition to the above spatial variations in the
coupling gap and the launch pad along the coupling gap, the
cell patch can also be structured to provide a spatial
variation along the coupling gap to achieve desired spatially
varying electromagnetic coupling for wideband operations.
Therefore, the cell patch, the launch pad and the gap, which
are formed in the same metallization layer on one side of the
substrate, can be structured in their dimensions and shapes to
have at least one of (1) a spatial variation in a dimension of
the gap along the gap, and (2) a spatial variation in either
or both of the cell patch and the launch pad along the gap, to
effectuate desired spatially varying electromagnetic coupling
that provides impedance matching for different operating
frequencies over a wideband. The above example shows a
rectangular cell patch inside a rectangular opening within the
launch pad. Other examples of cell patches are triangular,
full and semi circular, full and semi elliptical, polygonal
and square shapes and combinations of two or more different
shapes. If a non-rectangular cell patch is placed inside the
rectangular opening of the launch pad shown in FIG. 134, a
spatially varying gap is formed between the cell patch and the

launch pad to provide spatially varying electromagnetic
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coupling. The width and shape of the coupling gap can be
controlled by the design of the cell patch to achieve desired
spatially varying electromagnetic coupling for impedance
matching for selected operating frequencies over a given
wideband.

[0083] FIGS. 14A and 14B show photos of a sample MTM antenna
based on the design shown in FIGS. 13A - 13D, showing the top
view of the top layer and bottom view of the bottom layer,
respectively. This antenna is mounted on a ground plane with
the size of 80mm x 50mm and fed by use of a coaxial cable.

The design parameters for fabricating this MTM antenna are as
follows. The substrate is FR-4 with permittivity of 4.4 and
thickness of 1lmm. The overall size of the MTM antenna is
10.5mm x 9mm. The feed line 1304 has 1.4mm in length and
O.6mm in width. The launch pad 1308 is shaped as a rectangular
loop with outer dimensions of 8.5mm x 9mm and inner dimensions
of 4.508mm x 3.908mm. The cell patch 1312 is surrounded by the
launch pad 1308, with a coupling gap 1316 having a width of
0.25mm. The cell patch 1312 has a rectangular shape with
dimensions of 4mm x 3.4mm. The via line 1328 is 8.bmm long in
total and has a width of 0.2mm. The via pad 1324 is sqguare
with a side length of Imm. The structures in the top and
bottom layers are interchangeable.

[0084] FIGS. 15A and 15B show the simulated return loss and
measured return loss, respectively, of the MTM antenna shown
in FIGS. 13 - 14. It can be seen that this antenna radiates
efficiently from about 3 GHz to about 9 GHZ, exhibiting the
return loss close to or better than -10dB for this wide
frequency range. Thus, this MTM antenna structure provides the
capability suitable for UWB operations, in particular, for the
WPAN operation in the spectral range from 3 GHz to 8 GHz.
[0085] The analysis using the CRLH unit cells indicates that
the electromagnetic coupling between the cell patch 1312 and
the launch pad 1308 for the MTM antenna in FIGS. 13A-13D
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contributes to the LH series capacitance (CL). The spatial
variation of the coupling gap 1316 realized by the present
structure, in which the cell patch 1312 is surrounded by the
launch pad 1308 with the surrounding coupling gap 1316 in
between, provides the spatial variation of the electromagnetic
coupling. Matching is determined by the impedance expressed as
in Eg. (2), in which the CL term is dominant in the low
frequency region. Unlike a structure with a linear coupling
geometry with a fixed gap width, where the electromagnetic
coupling does not vary spatially, the CL wvalue is freguency
dependent due to the spatially varying coupling in the present
MTM structure. Specifically, as the frequency changes, the
region of the effective coupling in the structure changes,
thereby providing different but finite CL values at different
frequencies. This indicates enhancement of impedance matching
over a frequency range wider than that with a linear coupling
geometry with a fixed gap width. The low band including the
LH resonance is thus broadened, and together with the high
band including the RH resonance (mono-pole type resonance)
gives rise to good matching over a very wideband with a
bandwidth ranging from 5 to 8GHz, for example.

[0086] FIGS. 16A, 16B and 16C show the simulated E-field
distribution associated with the MTM antenna shown in FIGS. 13
- 14, at 3.8 GHz, 5 GHz and 8 GHz, resgpectively. At 3.8GHz, as
shown in FIG. 16A, the E field is strong around the entire
rectangular loop of the coupling gap, providing a CL value
that gives rise to the well-matched LH resonance. At 5GHz, as
shown in FIG. 16B, the E field is strong at the corners of the
rectangular loop, providing another CL value that gives good
matching even at the frequency away from the LH resonance. At
8GHz, as shown in FIG. 16C, the strong E-field is located
along the feed line and the region extended into the launch

pad and cell patch, providing the mono-pole type RH resonance.
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[0087] The MTM antenna shown in FIGS. 13A - 14B is configured
to be symmetric with respect to the X-7Z plane cutting through
the longitudinal center line of the via line 1328. A 360-
degree radiation pattern on the Y-7 plane, which is
perpendicular to the X-Y plane of the antenna structure, can
be obtained due mainly to the symmetric structure, making it
suitable for laptop wireless communications. FIGS. 17A and
17B show the measured radiation patterns for 3.3 GHz and 4.5
GHZ, respectively. These radiation patterns have a 360-degree
coverage on the Y-Z plane and may be used to achieve a close
approximate of an omnidirectional radiation pattern or a
substantially omnidirectional radiation pattern.

[0088] FIG. 18A shows an example for using the above MTM
antenna in a laptop computer. The MTM antenna is selectively
positioned on the screen panel of the laptop computer to
provide good efficiency when a laptop is open. The panel with
screen 1804 is rotated from the panel with keyboard 1808 and
includes the MTM antenna 1812 inside a plastic housing, for
example, on the surface of the panel. The ground 1816 is
provided directly below the MTM antenna 1812. A copper tape
connector can be used and attached to the inner side of the
housing. A cable, such as a UFL cable, is connected to the MTM
antenna 1812 to transmit or receive signals. One or more
additional antennas 1820 can be configured to cover WAN, LAN
and other operation ranges and be routed to corresponding PCI
cards. The antennas 1820 can be MTM antennas or non-MTM
antennas. In this exemplary antenna positioning, the MTM
antenna 1812 is placed at the same level as the additional
antennas 1820.

[0089] FIG. 18B shows the efficiency measured with the antenna
positioning in the laptop as shown in FIG. 18A. The efficiency
values in dB are plotted separately for the vertical
polarization (solid line with triangles), the horizontal

polarization (solid line with squares) and the total (solid
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line with diamonds). It can be seen that the vertical
component is dominant and has the efficiency close to or
better than the target value of -3dB over the range of 3 -
8GHz.

[0090] In various implementations, the above MTM antenna can
be designed to connect a meander line to the feed line to
induce an RH resonance at a low frequency. Furthermore, the
shapes and dimensions of the cell patch and launch pad, in
particular, can be varied to manipulate the non-linear
coupling (CL), thereby to engineer the bandwidth and matching
for UWB applications. For example, the launch pad can be
shaped to have an opening that surrounds only part of the cell
patch, e.g., the lower part of the cell patch, instead of
entirely surrounding the cell patch as shown in FIGS. 13 - 14.
This design leaves part of the cell patch outside the opening
of the launch pad. The overall shape can be chosen to be
triangle, polygonal, or any other shape, or a combination of
different shapes.

[0091] FIGS. 19A - 19D show another example of an MTM antenna
designed for wideband operations, illustrating the top view of
the top layer, top view of the bottom layer, side view and 3D
view, respectively. A spatial variation in the launch pad
along the gap is implemented in this example to effectuate
desired spatially varying electromagnetic coupling that
provides impedance matching for different operating
frequencies over a wideband. This MTM antenna structure
includes a substrate 1900 having a first surface and a second
surface opposite to the first surface, a first metallization
layer (top layer) 1901 formed on the first surface, and a
second metallization layer (bottom layer) 1902 formed on the
second surface, where the two metallization layers 1901 and
1902 are patterned to have two or more conductive parts. At
least one conductive via 1920 is formed in the substrate 1900

and connects one conductive part in the first metallization
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layer 1901 to another conductive part in the second
metallization layer 1902. These conductive parts include a
feed 1line 1904, a launch pad 1908, a cell patch 1912, a via
pad 1924 and a via line 1928 in the present MTM antenna
structure shown in FIGS. 19A - 19D. The feed line 1904
conducts RF signals between the antenna circuit and the MTM
antenna. One end of the feed line 1904 can be configured to
connect to a CPW feed formed on the top surface of substrate
1900. The CPW feed can be formed in a top ground plane that
is formed in the top layer, separated from the conductive
parts and paired with a bottom ground plane, which is formed
in the bottom layer, below the top ground plane and separated
from the via pad 1920. Alternatively, the MTM antenna can be
fed with a CPW feed that does not require a ground plane on a
different layer, a probed patch or a cable connector. The
other end of the feed line 1904 is connected to the launch pad
1908 to direct a signal to or receive a signal from the cell
patch 1912 through a coupling gap 1916. In this example, the
cell patch 1912 is circular in shape. The launch pad 1908
includes a launch strip 1908-3, which is semicircular in
shape, and two wings 1908-1 and 1908-2 attached at the
respective ends of the semicircular launch strip 1908-3. These
two wings 1908-1 and 1908-2 are positioned to point away from
the center of the circular cell patch 1912. The coupling gap
1916 is thus non-linear in shape, semi-circularly surrounding
the cell patch 1912. Additional coupling is provided between
each wing and the cell patch 1912, varying from strong to weak
as moving away from the portion close to the cell patch 1912
to the distal end of the wing. The via 1920 is formed in the
substrate to connect the cell patch 19212 in the top layer to
the via pad 1924 in the bottom layer. The via line 1928 is
formed in the bottom layer to connect the via pad 1924, hence

the via 1920 and the cell patch 1912, to the bottom ground
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plane. These conductive parts and the substrate together form
a MTM antenna structure with the CRLH properties.

[0092] FIGS. 20A and 20B show the photos of a sample of the
MTM antenna shown in FIGS. 19A - 19D, showing the top view of
the top layer and bottom view of the bottom layer,
respectively. This antenna is mounted on a ground plane with
the size of 80mm x 50mm and fed by use of a coaxial cable.
The design parameters for fabricating this MTM antenna are as
follows. The substrate is FR-4 with permittivity of 4.4 and
thickness of 0.79mm. The overall height of the antenna is
9.5mm and the width is 10.9mm. The feed line 1904 is 1.bmm in
length and 0.4mm in width. The cell patch 1912 has a circular
shape with a radius of 3.5mm. The semicircular launch strip
1908-3 has an inner radius of 3.7bmm and an outer radius of
4.32mm. Each of the wings 19208-1 and 1908-2 has a length of
1.68mm and a width of 0.5bmm. A 0.25mm gap is provided between
the semicircular launch strip 1908-3 and the cell patch 1912,
The via line 1928 is 9.5mm long and has a width of 0.5mm. The
via pad 1924 is square with a side length of 1lmm. The
structures in the top and bottom layers are interchangeable.
[0093] FIG. 21 shows the measured return loss of the MTM
antenna shown in FIGS. 19 - 20. It can be seen that this
antenna radiates efficiently from ~2.5GHz to ~8.5GHZ,
exhibiting the return loss close to or better than -10dR for
this wide frequency range. Thus, this MTM antenna structure
provides the capability suitable for UWB operations, in
particular, for the WPAN operation (3 - 8GHz).

[0094] The analysis using the CRLH unit cells indicates that
the electromagnetic coupling between the cell patch 1912 and
the launch pad 1908 contributes to the LH series capacitance
(CL). The spatial wvariation of the coupling gap 1916 realized
by the structure, in which the launch strip 1908-3
semicircularly surrounds the cell patch 1912 and the two wings

1908-1 and 1908-2 are positioned to point away from the center
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of the cell patch 1912, provides the spatial variation of the
electromagnetic coupling. Matching is determined by the
impedance expressed as in Eqg. (2), in which the CL term is
dominant in the low frequency region. Unlike a structure with
a linear coupling geometry with a fixed gap width, where the
electromagnetic coupling does not vary spatially, the CL wvalue
is frequency dependent due to the spatially varying coupling
in the present MTM structure. Specifically, as the freguency
changes, the region of the effective coupling in the structure
changes, thereby providing different but finite CL values at
different frequencies. This indicates enhancement of impedance
matching over a frequency range wider than that with a linear
coupling geometry with a fixed gap width. The low band
including the LH resonance is thus broadened, and together
with the high band including the RH resonance (mono-pole type
resonance) gives rise to good matching over a very wideband
with a bandwidth ranging from 5 to 8GHz, for example.

[0095] FIGS. 22A, 22B and 22C show the simulated E-field
distribution associated with the MTM antenna shown in FIGS. 19
- 20 at 3.2GHz, 5GHz and 8 GHz, resgpectively. At 3.2GHz, as
shown in FIG. 22A, the E-field is strong at the wing 1 1908-1,
wing 2 1008-2, the lower edge of the cell patch 1912 and the
upper edge of the launch strip 1908-3. Thus, the entire launch
pad 1908, which has the launch strip 1908-3 and the wings
1908-1 and 1908-2 attached at the respective ends of the
semicircular launch strip 1908-3, is electromagnetically
coupled to the cell patch 1912, providing a CL value that
gives rise to the well-matched LH resonance at this frequency.
Especially noteworthy is the coupling between the wings 1908-1
and 1908-2 and the cell patch 1912; each wing acts as an
additional radiator as well as tuning factor to the antenna
impedance, enhancing the matching in the low fregquency region.
At 8GHz, as shown in FIG. 22C, the strong E-field is located

along the feed line and the region extended into the launch
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pad and cell patch, providing the mono-pole type RH resonance
at this frequency. At 5GHz, as shown in FIG. 22B, the E-field
distribution has a pattern in between that at 3.2GHz and that
at 8GHz, providing the combination of the LH and RH
characteristics. The overall coupling between the cell patch
1912 and the launch pad 1908 is shifted lower in position as
compared to that for 3.2GHz in FIG. 22A, providing another CL
value that gives good matching even at the frequency away from
the LH resonance.

[0096] The MTM antenna shown in FIGS. 19 - 20 is configured to
be symmetric with respect to the X-7Z plane cutting through the
longitudinal center line of the via line 1928. Omnidirectional
radiation patterns on the Y-7Z plane, which is perpendicular to
the plane of the antenna structure, can be obtained due mainly
to the symmetric structure, making it suitable for laptop
wireless communications. FIGS. 23A and 23B show the radiation
patterns associated with the MTM antenna shown in FIGS. 19 -
20 at 3.3GHz and 4.76 GHz, respectively, demonstrating the
substantially omnidirectional coverage in the azimuthal plane
(Y-72 plane).

[0097] FIG. 24 shows the simulated and measured Voltage
Standing Wave Ratio (VSWR) of the MTM antenna shown in FIGS.
19 - 20, indicated by squares and circles, respectively. VSWR
represents the measure as to how good the matching is, with
VSWR < 2 being a general requirement. The simulated and
measured VSWR curves both show that the antenna bandwidth with
good matching is wide enough to cover the WPAN band of 3 -
8GHz.

[0098] FIG. 25 shows the measured efficiency of the MTM
antenna shown in FIGS. 19 - 20. High efficiency above -3dB is
obtained over the WPAN band.

[0099] FIGS. 26A and 26B show the group delay curves measured
for the rectangular MTM antenna shown in FIGS. 13 - 14 and the

circular MTM antenna shown in FIGS. 19 - 20, respectively.
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This measurement was carried out by placing two identical MTM
antennas face-to-face separated by 30mm. The group delay
represents the degree of distortion of pulse signals. The
group delay of these two MTM antennas is about 1 nano second
and stable across the entire measured frequency range of 3 -
10GHz. This indicates that both antennas have very small
distortion in time domain.

[00100] A possible design variation to the circular MTM antenna
shown in FIGS. 19 - 20 is to replace the circular shape of the
cell patch with an elliptical shape, and correspondingly
replace the semicircular portion of the launch pad with a
semi-elliptical shape with wings attached at the two ends.
Another variation is to extend the semicircular portion of the
launch pad to surround more or less than the lower
semicircular edge (i.e., more or less than 180° coverage) of
the cell patch. Yet another wvariation is to have the cell
patch with only the lower half circle instead of a full
circular shape. The wings act as additional radiators and
tuning factors in various modifications as well. The shapes
and dimensions of the launch pad (including the wings and
launch strip) and cell patch, in particular, can be varied to
manipulate the non-linear coupling (CL), thereby to engineer
the bandwidth and matching for UWB applications. A possible
design variation to widen the band width toward the lower
frequency region is to have two or more cell patches
capacitively coupled to the single feed line. This may
generate multiple LH resonances at low frequencies. Another
variation is to connect a meander line to the feed line to
induce an RH resonance at a low frequency.

[00101] While this document contains many specifics, these
should not be construed as limitations on the scope of an
invention or of what may be claimed, but rather as
descriptions of features specific to particular embodiments of

the invention. Certain features that are described in this
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document in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely,
various features that are described in the context of a single
embodiment can also be implemented in multiple embodiments
separately or in any suitable subcombination. Moreover,
although features may be described above as acting in certain
combinations and even initially claimed as such, one or more
features from a claimed combination can in some cases be
excised from the combination, and the claimed combination may
be directed to a subcombination or a variation of a
subcombination.

[00102] Only a few implementations are disclosed. Variations
and enhancements of the described implementations and other
implementations can be made based on what is described and

illustrated in this document.
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CLAIMS

What 1s claimed is:

1. An antenna device based on a composite right and

left handed (CRLH) metamaterial antenna structure, comprising:
a substrate having a first surface and a second surface
opposite to the first surface;

a cell patch formed on the first surface;

a launch pad formed on the first surface and separated
from the cell patch by a gap, the launch pad being
electromagnetically coupled to the cell patch through the gap
to direct a signal to or from the cell patch;

a feed line formed on the first surface and coupled to
the launch pad to conduct the signal to or from the cell
patch;

a via line formed on the second surface and coupled to a
ground electrode outside a footprint of the cell patch on the
second surface; and

a via formed in the substrate to couple the cell patch on
the first surface to the via line on the second surface;

wherein the substrate, the feed line, the cell patch, the
launch pad, the via line, and the via form a CRLH metamaterial
antenna structure, and

wherein the cell patch, the launch pad and the gap are
structured to effectuate spatially varying electromagnetic
coupling that provides impedance matching for different

operating frequencies over a wideband.

2. The antenna device as in claim 1, wherein the launch

pad is configured to at least partially surround the cell

patch.
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3. The antenna device as in claim 1, wherein the launch

pad is configured to entirely surround the cell patch.

4. The antenna device as in claim 1, wherein the cell

patch is rectangular in shape.

5. The antenna device as in claim 1, wherein the cell

patch is triangular in shape.

o. The antenna device as in claim 1, wherein the cell

patch is polygonal in shape.

7. The antenna device as in claim 1, wherein the launch
pad includes an opening in which the cell patch is located and
the gap between the cell patch and the launch pad forms a loop

surrounding the cell patch.

8. The antenna device as in claim 1, wherein the launch
pad includes an opening in which the cell patch is partially
located and part of the cell patch is located outside the

opening.

9. The antenna device as in claim 8, wherein the cell
patch is elliptical in shape and the launch pad is a curved

conductive strip line adjacent to part of the cell patch.

10. The antenna device as in claim 8, wherein the cell
patch is circular in shape and the launch pad is a curved

conductive strip line adjacent to part of the cell patch.

11. The antenna device as in claim 8, wherein the cell
patch is semicircular in shape and the launch pad is a curved

conductive strip line adjacent to part of the cell patch.
~3G~
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12. The antenna device as in claim 8, wherein the launch
pad includes:

a strip portion that at least partially surrounds a
portion of the cell patch; and

wing portions that are attached at two ends of the strip
portion, respectively, and are extended to point away from the

cell patch.

13. The antenna device as in claim 1, wherein the gap is

configured to vary spatially.

14. The antenna device as in claim 1, wherein the cell
patch, the launch pad and the gap are structured to effectuate
spatially varying electromagnetic coupling that provides
impedance matching for different operating freguencies over a

ultra wideband (UWB) which covers 3 GHz to 10.6 GHz.

15. The antenna device as in claim 14, wherein the UWB

includes a Wireless Personal Area Network (WPAN) band.

l16. The antenna device as in claim 1, wherein the feed
line, the launch pad, the cell patch, the via, and the via
line are configured to be symmetric with respect to a plane
perpendicular to the first and second surfaces and cutting

along a longitudinal center line of the via line.

17. The antenna device as in claim 16, wherein the
antenna device forms a substantially omnidirectional radiation

pattern.

18. A method for wideband antenna operations based on a
composite right and left handed (CRLH) metamaterial antenna
structure, comprising:
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providing an antenna including a CRLH metamaterial
structure that includes a cell patch, a launch pad separated
from the cell patch by a gap and electromagnetically coupled
to the cell patch through the gap to direct a signal to or
from the cell patch;

structuring the cell patch, the launch pad and the gap to
effectuate spatially varying electromagnetic coupling that
provides impedance matching for different operating

frequencies over a wideband.

19. The method as in claim 18, wherein the structuring
the cell patch, the launch pad and the gap to effectuate
spatially varying electromagnetic coupling includes providing

a spatial variation in the gap.

20. The method as in claim 18, wherein the structuring
the cell patch, the launch pad and the gap to effectuate
spatially varying electromagnetic coupling includes providing

a spatial variation in the launch pad near the gap.

21. The method as in claim 18, wherein the structuring
the cell patch, the launch pad and the gap to effectuate
spatially varying electromagnetic coupling includes providing
a spatial variation in the gap and a spatial variation in the

launch pad near the gap.

22. The method as in claim 18, wherein the structuring
the cell patch, the launch pad and the gap to effectuate
spatially varying electromagnetic coupling includes enclosing

the cell patch inside an opening of the launch pad.

23. The method as in claim 18, wherein the structuring

the cell patch, the launch pad and the gap to effectuate
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spatially varying electromagnetic coupling includes enclosing

part the cell patch in an opening of the cell launch pad.

24. The method as in claim 18, wherein the structuring
of the cell patch, the launch pad and the gap to effectuate
spatially varying electromagnetic coupling includes providing

a spatial variation in the cell patch near the gap.

25. An antenna device based on a composite right and
left handed (CRLH) metamaterial antenna structure, comprising:

a substrate having a first surface and a second surface
opposite to the first surface; and

first and second metallization layers formed on the first
and second surfaces, respectively, to include a cell patch
formed on the first surface, a launch pad formed on the first
surface and separated from the cell patch by a gap, a feed
line formed on the first surface and coupled to the launch pad
to conduct an antenna signal to or from the cell patch, a
ground electrode formed on the second surface and located
outside a footprint of the cell patch projected onto the
second surface, a via line formed on the second surface and
coupled to the ground electrode on the second surface, and a
via formed in the substrate to couple the cell patch on the
first surface to the via line on the second surface;

wherein the substrate, the feed line, the cell patch, the
launch pad, the via line, and the via form a CRLH metamaterial
antenna structure that receives the antenna signal from the
alir or transmits the antennal signal into the air via the cell
patch and other parts of the CRLH metamaterial antenna
structure, and

wherein the cell patch, the launch pad and the gap in the
first metallization layer are structured to have at least one
of a spatial variation in a dimension of the gap along the

gap, and a spatial variation in either or both of the cell
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patch and the launch pad along the gap to effectuate spatially
varying electromagnetic coupling that provides impedance

matching for different operating frequencies over a wideband.

26. The antenna device as in claim 25, wherein the CRLH
metamaterial antenna structure is structured to provide a 360-
degree radiation coverage around the CRLH metamaterial antenna
structure in receiving the antenna signal from the air or
transmitting the antennal signal into the air via the cell
patch and other parts of the CRLH metamaterial antenna

structure.

27. The antenna device as in claim 25, wherein the
launch pad is configured to at least partially surround the

cell patch.

28. The antenna device as in claim 25, wherein the

launch pad is configured to entirely surround the cell patch.

29. The antenna device as in claim 25, comprising a
conductive meander line connected to the feed line to induce a
at least one additional resonance to the CRLH metamaterial

antenna structure.
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