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Keywords: Metamaterial, composite right/left handedNRI TLs results in a novel antenna design. In this paper,
transmission line (CRLH TL), microwave antenna, leakpresent a frequency-scanned leaky-wave antenna built from

wave antenna. two combined NRI TLs where the main beam can saam fr
backfire (-40°) to endfire (40°). The NRI TLs are lohea a
Abstract microstrip multilayer techniques. No vias and tolerance

critical interdigital capacitors are used in this lealave
A microstrip frequency-scanned leaky-wave metamateriantenna. The antenna gain is about 10 dB from 3.5 GHz to
based antenna is presented in this paper. It is built frado 5.5 GHz. The structure can easily be extended to worlo up t
negative refraction index transmission lines fed with sfipo millimeter-wave frequency bands.
phase using an integrated balun. The microstrip leakgwa
antennais a tWO-Iayer structure without any vias. ditenna 2 Negatlve refractlve |ndex transmlSSlon ||ne
works well at C band from approximately 3.5 GHz to
5.5 GHz, in which the main beam scans from -40° (bagkfi
to 40° (endfire). As it does not include any interdigita&l.1 NRI TL structure

capacitors or vias, it can be easily extended to meller- ] ] ]
wave frequency bands. The kernel of the microstrip leaky-wave antenna preskint

this paper are two coupled NRI TL in a two-layer strugtur
fed with equal amplitude and opposite phase. The top and
middle metallization layers include patch-like circuitretmts

The microstrip leaky-wave antenna has been discoveléth a ground metallization at the bottom. A number of
nearly thirty years ago [1]. It exhibits a simpleusture, is |d_enpcal microstrip resonators are unlforml_y andraﬂevely
easy to fabricate, and is very attractive in modaierostrip distribute in the top and the middle metallization layditse
antenna design as well. The original microstrip leakyavaPrinciple structure of the arrangement is shown in Eiglhe
frequency-scanned antenna uses the first higher-order métiments in blue (dashed contour), e.g. with number 2 and 4,
and the main beam can scan only towards the endfifé located in the middle metallization layer, and thosed
direction. Special structures, e.g. baluns, are usuplffiedl (solid contour), e.g. with number 1, 3, and 5, arehmntop

to feed such leaky-wave antennas in the first higherordyer. Each unit element in the coupled NRI TLs, asvshia
mode. Some efforts have been done on leaky-wave antediéis 1. is one resonator in either the top or the raiddl
to achieve beam scanning at a fixed frequency, such as Wigfallization plane. Each resonator consists of tvichpke

tunable ferroelectric materials [2], [3] or with tirgegration Structures connected by a narrow line. The series itapee
of varactors [4]. in the NRI TL is formed by the overlapping between two

resonators on the top and in the middle metallizakiyer.
Metamaterials, left-handed (LH) materials, or negatiwOme series inductance results from the unavoidabéesipar
refractive index (NRI) materials at microwave frequendffects. With balanced feeding, the NRI TL works in ¢lel
show unique properties, such as both negative permyjittiyi@ode. The symmetry plane thus becomes a virtual ground,
and negative permeability in a certain frequency rafigese and .the shunt mductanqe and cap.acnance_of the NRIGL ar
materials are first proposed by Veselago in 1960s andtattR{ovided by the narrow lines crossing the virtual grotiri
interests of many researchers. There are some jabtel@veriap between two resonators is 2.2 mm, and thandis
dramatic applications, such as a perfect lens to fodgfween them (from one center to the other) is 3.8 ihm
microwave or an invisible “cloak” in the microwavptizal therefore satisfies the requirement for the NRI TL
region. Besides those, with many remarkable chaistitsr approximation - the distance between two adjacent efsme

of metamaterials [5], [6], there are many applicatiangards iS much less than the guided wavelength at the operating
new microwave devices. frequency. If we analyze the equivalent circuit of thel NIL,

it may also be regard as the composite right/left héinde
LH microstrip transmission line (TL) structures werdeeady (CRLH) TL.
employed to realize antennas which scan from backfire to
endfire [7], [8]. The combination of leaky-wave antenaad

1 Introduction



SN TN The dispersion of the NRI TL with 17 unit elements is
HH HH obtained also from the simulated phase shift from tece

' to the load. It shows that in the dominant LH region f,,
wavelength increases with increasing frequency; at the
transition frequency = f,, wavelength is infinite, and in the
dominant RH regiorf > f,, wavelength decreases with the
increase of frequency.

3 Leaky-wave antenna

Fig. 1 Structure of the coupled NRI TLs with equivaleRt e |eaky-wave antenna presented in this contribution is
circuits. Unit elements 1, 3 and 5 (in red, solite8) are .,mposed of two identical NRI TLs, which are separated by
on the top layer, and unit elements 2 and 4 (in blygya| ground between them. To form the virtual grdythe

dashed lines) are in the middle metallization layer. two NRI TLs must be fed in the balanced mode with op@os
o phases. Therefore, a balun is also required to corkert
2.2 NRI TL characteristics unbalanced input signal from a coaxial cable to thenoath

ymode. In our design, the balun is directly integrated the
NRI TLs including two attached microstrip stubs, |eadio a
very compact antenna feeding system. The design and the
f, < f,andf = f,, respectively [6]. Heré, is the transition performance of the integrated balun will not be disedshere
frequency between the LH and the RH region. At the detail.
transition frequency, the wavelength becomes infinitea
NRI TL resonator is built, the resonant mode at thedition The resonators of each unit element may produce radiatio
frequency is called the zeroth-order resonance (Z@Rich like a dipole antenna, and the NRI TLs will work in the eam
is independent on the length of the NRI TL. way as leaky-wave antennas do. When the NRI TLs are
dominantly RH, it is similar to a normal leaky-wave exmta
Let us take a look at the NRI TL in the matched case, (but in dominant mode), and the radiation direction tuens
which the source and load are set to the charaaterithe load. When the NRI TL is dominantly LH, the phase
impedance of the NRI TL. From the EM simulation, ibds velocity is reversed, and the radiation direction tuowgatds
seen that all unit elements exhibit the same phase dihe tothe source. Thus, the main beam of the NRI TL leaky-wave
infinite wavelength at the transition frequency. A NRI of antenna scans from back-fire in the LH motle f, to end-
17 unit elements according to the structure as shoWiginl 4.« in the RH modef > f,.
has been simulated for the matched casef At 4.08 GHz,

Based on the NRI TL analysis, it is dominantly L
dominantly RH, and with infinite wavelength, while< f,

the phase shift between any unit elements is zesh@sn in Re2  2C 20 20 ¢
Fig. 2. It is also worth noticing that: a) the phasaft — T ————A-- A
between any two unit elements becomes greater when
frequency is further away froffg; b) the phase shift reverses |« F 20 F
(from advanced to delayed or vice versa) when frequisicy (D 2Ce LEE R § Lgé GR Ru/2
varied from f < f, to f < f, or vice versa. Val2 L
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Fig. 3 Equivalent circuit of two lossy NRI TLs connettga
the virtual ground
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The effective radiation resistance of each unimelet is
included in the equivalent circuit of the NRI TL as shaw
Frequency / GHz Fig. 3. Therefore, the NRI TLs applied in the leakywa
antenna are, in fact, two lossy transmission linbg. dnalysis
Fig. 2 Phase distribution between elements of the NRI ®f the lossy transmission lines is performed by thagen
with 17 unit elements which are numerated from 1 to 17

-180 SHERA L2 .




impedance method. The characteristic impedance (the imeggstor (size code 0805) in our design. A view on the tw

impedance) is metal layers of the NRI TL leaky-wave antenna is shawn i
Fig. 5.
£+8w2LEC—1— i 20k
Z. :1 of (1) The antenna was simulated with the Sonnet software [10].
2

wzcz(l—wz+ j ZaLEj The reflection of the antenna was measured with a HP 8510C
vector network analyzer. Measured and simulateg {8e

plotted and compared in Fig. 4. It shows a very good

where w. -1 , G:l , and R is the equivalentagreement except for the high frequency RH region. The

J2L.C, R leaky-wave antenna works at C-band from about 3.5 GHz to

antenna radiation resistance shunt-connected in eaith 8-> GHz with a return loss lower than 10 dB. The céntra
element. As required by the principle of leaky-wavesanas, frequency (also the transition frequency) is at 4.15.GHz
the radiation from each unit element should not bengtr where the reflection is slightly higher. As showrFig. 2, the

which impliesR>> wL, in this design. Then, the passban'&?ﬂecuons introduced by each unit element have zeeaseh
of the NRI TL is determined from (1) as shift at the center frequency and add up coherently at the

) feeding port, leading to an increased,||St the central
2 +8L.C) 2 < w< 2y frequency. On the other hand, the ripple of the refleason
(wE E ) W= @ @ obvious. It is caused by the periodical nature of the NRI

] _ leaky-wave antenna.
The final frequency-scanned leaky-wave antenna contains a

balun, two NRI TLs, and a matched load. It is builtaas 0=
microstrip multilayer structure using two RT/Duroid 588
substrates with a relative dielectric constg/#2.2 and of N 3
thicknesses 0.254 mm and 1.58 mm, respectively. The  -10q% VaWa
advantage of this constellation is that it does not recany PRV A
vias as used in most NRI TL designs to build the shunt ﬁ
inductors. Furthermore, the series capacitances dequoire j
tolerance-sensitive interdigital or lumped capacittirbas a 3 j
broader bandwidth, and its design can be easily extetoded 30 . Central frequency
the millimeter-wave frequency range. f :

LH —= RH

IS,l/dB

,,,,,,,, Simulation

The finally fabricated NRI TL leaky-wave antenna comgsis 40 — Measurement

41 unit elements plus two unit elements combined irgo th L . . . —
balun. Each unit element extends 16.8 mm (resonator length) 30 3 0 9 >0 5e 60
laterally and 7.4 mm in the longitudinal direction of thelNR
TL. The total size (with the integrated microstrggun and . . . .
the feed line) is about 300 mm by 20 mm. The charadterist F19- 4 Meéasured and simulated voltage reflection aiefits
impedance of each NRI TL is designed to b&75ince of the leaky-wave antenna. The operating band is fro_m
there are two NRI TLs operating in the balanced mtiue, about 3.3 GHz o 5.7 GHZ'. Th_e qentral _frequency IS
load should be 15Q which is realized by a normal chip 4.15 GHz, at which the reflection is slightly higher.

Frequency / GHz
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(a) Top metallization layer

(b) Middle metallization layer

Fig. 5 Leaky-wave metamaterial antenna with 21 and 22aleihents on the top and in the middle metallizatiorrlay
respectively. The bottom layer is the ground. Theelifieg port is a 5@ microstrip line connected to a SMA connector.



Finally the
measured as well. The experimental results are showiy.in

leaky-wave antenna radiation pattern weferences

6. In the operating frequency range, the main beam schis W. Menzel. “A new travelling wave antenna in

from backfire to endfire with the angle range from #4020°.

microstrip”, AEU, volume 33 pp. 137-140, (1979).

All sidelobe levels are more than 10 dB lower than thexm&?] V. K. Varadan, V.V. Varadan, K.A. Jose, J.F. Kelly.

beam. The antenna gain is about 10 dB in this frequency
range compared to a standard gain horn. Due to the fixed

aperture size, the antenna gain at the higher frequeiscies
higher than that of low frequencies, which is seen froen 3]

variation of the beamwidths versus frequency. In additfn,

sidelobe levels around the central frequencies are muahr low

than those near either end of the passband.
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Fig. 6 Measured antenna radiation patterns on the H—ple{ﬂe
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from 3.3 GHz to 5.7 GHz, in which the main beam scans
from about -40° to 40°. All side lobes are lower than

-10 dB. The beamwidths at low frequencies are wider th[%rf

those at high frequencies.
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presented. The antenna is composed of two NRI TLs, a balu

and a load. With a two-layer structure, no vias aessary

for the metamaterial leaky-wave antenna. Its main beanssc
from -40° to 40° with the antenna gain about 10 dB. It é&shib

a good performance at C band from 3.3 GHz to 5.7 GHz.

In future, we will redesign the antenna and apply it to P#.G
With the same aperture size, a much higher antenna gain is

expected. Additionally, with the implementation of an

antenna array, the antenna gain can be further improved.
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