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CRLH TLs and SIRs
Lead o the Incredibly
Shrinking Antenna

The use of CRLH transmission lines and stepped impedance resonators (SIRs) on
low-cost circuit materials delivers highly selective single- and dual-band antennas a
fraction the size of conventional components.

ractical use of realizable circuit structures such as

stepped impedance resonators (SIRs) and various

forms of transmission lines (TLs) can lead to highly

selective, yet also quite small, single- and dual-band
antennas. Analysis of antenna designs based on SIRs and com-
posite right/left-handed (CRLH) transmission lines can show
how to cover several frequency bands while also miniaturizing
the antenna designs, for both quarter-wavelength and half-
wavelength antenna configurations.

To demonstrate the approach, quarter- and half-wavelength
antennas were designed with a common band centered at
4.5 GHz and an impedance bandwidth (|S;;|] < -10 dB)
of 500 MHz, and with the half-wavelength antenna also
handling a second frequency band centered at 1.8 GHz. For
a fair comparison of the two configurations, the size of both
antennas is the same (26 x 21.3 mm?).

LEVERAGING METAMATERIALS

Metamaterials have sparked a great deal of interest among
high-frequency designers and researchers in recent years.
Metamaterials are characterized by having both negative
permittivity and permeability.!?

Metamaterial structures such as split-ring resonators
(SRRs) and complementary SRRs (CSRRs) have been loaded
on monopole antennas to effectively reduce the electrical size
and increase the number of frequency bands.>-

Nonresonant and wideband metamaterials have been
realized by using a TL that is periodically loaded with series
capacitors and shunt inductors, along with conventional TL
elements. Such a circuit structure is referred to as a composite

right/left-handed (CRLH) TL.”® CRLH TLs exhibit a
progressive phase shift that can be completely controlled
by the loading/parasitic elements’ values in a nonlinear
frequency dependence such that both can be used to adjust
arbitrary frequency bands.

Several compact single-, dual-, and multi-band antenna
designs presented in literature involve use of CRLH TL,2-1°
modified versions of CRLH TLs,16"18 and loading monopole/
dipole antenna structures with CRLH cells.!®2! Extremely
compact antennas have also been employed in multiple-
input, multiple-output (MIMO) applications.?»?> However,
designing small antennas with simple independent design
procedures is an ongoing high-frequency design need that has
not been covered completely in the literature.

IMPACT OF RESONANCE

The performance of many different antennas depends
highly on the effect of its resonators or, in general, some
form of resonance. These resonant effects are employed in
many ways, for example, to form the fundamental operating
frequency/band or to provide high isolation for other
frequencies. Regardless of the design approach, most antennas
face a common challenge, which is the presence of spurious
frequencies due to various modes and resonances.

A simple solution is to use filters before or after the
antenna block, depending on whether signal information is
transmitted or received.?* However, this strategy results in a
larger overall structural size. Another solution can be the use
of SIRs, which inherently block spurious bands and provide
better isolation. Approaches for CRLH-based SIR filters are
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presented in refs. 25-29. Some attempts for
high-selectivity metamaterial-based SIR
antennas are also suggested in refs. 30-34.
To show the effectiveness of
metamaterials in antenna design, notably
the use of SIRs and CRLH transmission
lines, A4 and M\/2 short-circuited
metamaterial SIR transmission lines were
explored for application in antenna design
as their fundamental element. The A\/4-
based antenna has a single-band response
at 45 GHz while the A/2-wavelength
antenna offers the 4.5-GHz band as well e 3]
as an additional band at 1.8 GHz for the d |
same geometrical size, with sharper cutoff ! !

Short/open-circuit plane Short/open-circuit plane

[q

characteristics. (<)

The antennas are built on low-cost
FR-4 substrate material with relative
permittivity of 4.3, thickness
of 1.6 mm, and loss tangent
(tan d) of 0.02. To generate an
omnidirectional pattern, the
proposed metamaterial SIR
antennas were designed in
coplanar waveguide (CPW)
configurations. The commercial
computer-aided-engineering
(CAE) circuit design software

1. The schematic diagrams show a quarter-wave SIR (a) and a half-wave SIR (b), while the
equivalent circuit shows a CRLH cell (c).

Ls

Ly 9},*3‘“

CST Microwave Studio
from Computer Simulation
Technology (www.cst.com)

helped in the design process.
The SIR can be realized by
cascading transmission lines
with different characteristic
impedances
lengths. The
quarter-wavelength SIR and
half-wavelength SIR are shown
in Figs. la and 1b, respectively.
The term Z; refers to the
characteristic impedance, while
0; is the electrical length of
each transmission line. The
resonators can be open or
short circuit in configuration.

and electrical

schematic for

LLs2

As a result, four possible —

. . ~ — -
configurations are available ————
to achieve minimum or 2. This 2D layout shows a CPW short-circuit, half-wavelength (\/2) CRLH SIR antenna, with Ls = 26 mm;
maximum  impedance. In Wg=21.3mm;Ly=Ly=Lg=L,=3mm;g;=9gs=ds=0.5mMm; Ligeq = 7.7 MM, Wieeq = 2.5 MM; Steeq = 0.2
all configurations, the target mm;S;=4mm;W;=4.6 mm;Lgoung = 8.1 mm; Ly = 0.4 mm; Lz = 4 mm; L1 5=0.65 mm; Ly = 0.55 mm;
resonant condition for Wyms=Wpmz =0.1 mm.
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employing these structures as antennas requires achieving
zero input admittance (Y; = 0).

For a short-circuit, quarter-wavelength SIR antenna, the
input impedance can be expressed as Eq. 1:

ZinQ = (sz)[(ZztanGZ + letanGI)/(Zz - thanez/tanel)] (1)

The input impedance for a short-circuit /2 CRLH SIR can be
extracted mathematically by means of Eq. 2:

Ziny = Zy(jlZtan(6,) + Zjtan (20,)] + jZ, tan(0,)[Z; -
Zytan(20,)tan(0,)1/2,[Z, - Z,tan(26,)tan(6,)] - Z;tan(8,)
[Zytan(0,) + Zytan(20,)])  (2)

The resonant conditions for quarter-wavelength and half-
wavelength short-circuit SIR antennas can be achieved when
the input impedance is infinite (zero input admittance), as
shown by Eqgs. 3 and 4:

7, =Ztan(D,) / tan(6;)  (3)

Zz [Zl - Zztan(ZGI)tan(Gz)]

Ls

= Z,tan(0,)[Z,tan(0,) + Z;tan(20;)] (4)

When designing the SIR using CRLH TLs, the parameters
expressed as Egs. 5 and 6 are used for the SIRs:

Z; = {[Lpi(w’LgCr; - D]/ [Cpi(w?LyLg; - DI (5)
0; = w(LgiCry)*° {[1 - 1/(0?*CriLg)][1 - 1/(w?CgriLr)1}*° (6)

From Egs. 5 and 6, and by substitution of Egs. 3 and 4,
it is possible to confirm that the resonant condition has a
higher-order degree of freedom for the half-wavelength case
compared to the quarter-wavelength case. Thus, more bands
and highly selective antennas can be realized using half-
wavelength CRLH SIR antenna for short-circuit termination.

DOUBLING UP

The earlier conclusions can be reinforced through the
introduction of two CRLH SIR antennas, a quarter-wavelength
and a half-wavelength antenna. Fig. 2 shows a planar 2D
layout of the quarter-wavelength antenna. The antenna is
formed with two cascaded CRLH cells after the equivalent

3. This 2D layout shows a CPW
short-circuit half-wavelength (\/2)
CRLH SIR antenna with Lg=26 mm;
We=21.3mm;Li=L; =L3=L4=3
mm; g4= g = g3 = 0.5 Mm; Lieeq=
7.7 mm; Wieeq = 2.5 mm, Sgeeq =
0.2 mm; Sy = 4 mm; W, = 4.6 mm;
Lground = 4.6 mm; L 1=0.4 mm;
Lime=0.5=4 mm; L5 = 0.65 mm;
Lim2 =055 mm; W 11 =W o=
0.1 mm.
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CRLH TLs. The first and third TLs are

identical, with somewhat different TL
used between them. The first and third
TLs are realized using an interdigital

-
ammm=
-

capacitor and low-value meandering-
line inductor. The middle TL is realized
using an air-gap capacitor. This means

that the outer TLs have higher Cp and
lower Ly values, which yields smaller
characteristic impedance and nearly

Reflection coefficient (dB)

equivalent electrical length as can
be concluded from Egs. 5 and 6. In
a similar fashion to the short-circuit

load, the antenna has a 50-Q feedline
and connected to the short-circuit load.
Fig. 2 provides further details of the
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4. A commercial simulation program produced this simulated reflection coefficients for the

quarter- and half-wave SIR antennas.

circuit of Fig. Ic. The first cell is designed using an 11-finger
interdigital capacitor and low-value meandered-line inductor.
The second cell is realized with a series gap capacitor and
high-value meandered-line inductor. Fig. 2 provides details
of the antennas dimensions. The antenna measures just 26
21.3 mm?, or only about 30% the size of a conventional patch
antenna.

The modification that was added to the quarter-wavelength
configuration is to realize the resonator as a half-wavelength
configuration (shown earlier in Fig. 1b). The antenna with
the modification (as a half-wavelength antennas) is shown in
Fig. 3. As can be seen, the antenna consists of three cascaded

— o
Type Farheid %
Approcimation  enabled (kR == 1)

Monitor farfield (1=4.81 1]
Component Abhs
Output Direclivily
Frequency 45
Rad. elfic. -1.024 dB
Tot. ellic. =1.107 afl

. 3.193 dBi

5. This simulation shows the 3D directive gain radiation pattern at 4.6 GHz.

6 7 dimensions for the different components
of the antennas.

The simulated reflection coeflicients
of the proposed antennas (quarter- and
half-wavelength SIR antennas) are shown
in Fig. 3. It can be clearly seen that the [;/4 quarter-wavelength
antenna has a single resonance at 4.6 GHz for which the
reflection coefficient is —20 dB with an impedance bandwidth
(|S11] < —10 dB) of 0.6 GHz (from 4.4 to 5 GHz).

The half-wavelength CRLH SIR antenna has two resonances,
at 1.8 and 4.5 GHz. At both frequencies, the reflection
coeflicient is closer to —15 dB. However, the first band is very
selective (a sharper cutoff) at 1.8 GHz, whereas the second
band has a comparatively flatter slope. The proposed half-
wavelength antenna design is only 5% and 29% the size of two
separate conventional patch antennas used to handle 1.8 and

4.5 GHz separately.

o WHAT ABOUT THE RADIATION?

The radiation properties of the quarter-
wavelength CRLH SIR antenna were
investigated by plotting the simulated
three-dimensional (3D) gain radiation
pattern at 4.6 GHz (Fig. 4). The quarter-
wavelength SIR antenna has a typical
omnidirectional pattern with a realized
gain of 2.169 dB and good radiation
efficiency of 77.5% (Fig. 5). The maximum
radiation directivity occurs along the
Z-direction (the broadside of the antenna
geometry) and has null radiation along
the C direction (the feeding direction).

The simulated 3D radiation patterns of
the half-wavelength CRLH SIR antenna
are plotted in Figs. 6a and 6b for the two
resonant frequencies at 1.8 and 4.6 GHz,
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respectively. The half-wavelength antenna design exhibits
similar high-directivity properties at both frequencies, in
the manner of the quarter-wavelength antenna at its single
frequency. The maximum directivity occurs in the broadside
direction (Z-direction). The antenna has different radiation
efficiencies at the two frequencies: 72% at 4.5 GHz and 1% at
1.8 GHz. The low efficiency at the lower frequency (1.8 GHz)
can be attributed to the small physical size of the antenna for
that wavelength.

Small antennas can be designed using CRLH SIR technology,
as has been shown for two different configurations. These
two antennas are quarter-wavelength and half-wavelength
CRLH SIR antennas with only one cell, each a fraction the
size of a conventional printed antenna. In the case of the half-
wavelength antenna, the proposed design approach can result
in antennas as small as only 5% the size of a conventional
printed antenna.
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