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THEORETICAL ANALYSIS OF A NEW GRATING
LEAKY WAVE ANTENNA BASED ON
LEFT-HANDED MATERIALS
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Abstract; A new grating leaky wave antenna based on left-handed material was proposed and its radiation characteristics
‘were carefully and rigorously analyzed by using a method which combined the rigorous mode matching procedure with multi-
mode network method. The variations of the leakage constant with structure parameters were given in this study to show the
special properties of this kind of antenna. The numerical results indicate that the new leaky wave antenna has much larger
leakage constant than that of conventional one. The reason for this phenomenon is discussed.
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(RHM). Recently, the LHM and its applications at-

tract more and more attention and some significant idea
[3,4]

Introduction

Left-handed material (LHM) is a material whose has been brought forward and carefully studied

permittivity and permeability are simultaneously nega-
tive, which has been theoretically analyzed by Vesela-
go in 1968 [}, In this kind of medium, the phase ve-
- locity and the group velocity of the propagation wave
are in the anti-parallel direction'®’. Thus, the conven-
tional material whose permittivity and permeability are

simultaneously positive is called right-handed material
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As we know, the leaky wave antenna consisting of
dielectric periodic structure has many advantages, such
as wide operating band, simple in structure, easy for
design and fabrication, high directivity and scanable e-
lectronically by changing frequency[s’ %, However, the
earlier investigation has indicated that the leakage of

the conventional grating leaky wave antenna is small so
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that a long antenna structure is required for getting rea-
sonably high efficiency to satisfy the practical applica-
tions. Some researches have been done to increase the
radiation strength of the grating leaky wave anten-
na'®%. The appearance of LHM gives a new alterna-
tive to improve the performance of the grating antenna.

.In this paper, a new grating leaky wave structure
based on LHM is presented and the dependence of the
radiation characteristics on related parameters of the
leaky wave antenna is analyzed for the first time. Also,
some interesting phenomenon has been found and the

reason for the phenomenon is explained.

1 Analysis

Fig. 1 shows the structure and related parameters
under consideration. It consists of several parts inclu-
diﬁg semi-infinite air region, dielectric-air periodic
slab layer and uniform substrate. The substrate and the
dielectric slabs in the periodic layer compose' of the
same LHM. This kind antenna can be excited by the
mode in grounded LHM slab and with a tapering corru-
gation section to reduce the VSWR.

It is well known that the radiation characteristics
of the leaky wave antenna can be completely deter-
mined by its complex transmission constant k. To
find out the k_, three steps are taken; first, the eigen-
functions are determined for every layer, including
air, periodic medium and substrate regions; second,A
the boundary condition of electromagnetic fields is
used at each interface to obtain the transfer relation of
the admittance matrix between the layers. Finally, the
generalized transverse resonant method is used to de-
termined k,.

To determine the eigenfunctions of the periodic

slab, the structure shown in Fig. 2 (a) is analyzed,
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Fig.1 The structure of LHM periodic grating leaky wave anten-
na and related parameters.
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Fig.2 (a) Infinite periodic dielectric layers. (b) Equivalent .
transmission line model of unit cell.
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which is an unbounded periodic array of dielectric
slabs. Fig.2 (b) shows the equivalent circuit for a u-
nit cell.

From the transmission line theory, the dispersion

equation may be written as:

cos(k,d) = cos(k,d)cos(k,d) -1/2[(Z,/Z,)

+(2,/2,) )sin(k,d)sin(k,d) , (1)
for TM,Z, =1/Y, =k,/weoe: ,k* =koea; — k. ,i=1,2.
Suppose that one of the roots is A; = e %, then the

another root should be A, =¢**¢, where k, is the trans-
mission constant of Floquet mode.

In the transmission line network, for each eigen
excitation, the voltage and current distribution ( V{x)
and I(x)) of the transmission line can be determined.
It is clear that V(x) and I{x) are periodic functions

with period d, therefore they can be expanded in Fou-

" rier serles,

W) = 3 Ve, 1) = 3 Le™ (2)

n=-o n=-w

where kb, =k, +2nm/d .k, and k,, are the transmis-
sion constant of the foundational and the n-th Floquet
mode respectively. V, and I,,"are the amplitudes of the
n-th space harmonic of ¥(x) and I(x) , which can be
obtained as did in [ 7] and is omitted here for sim-
plicity.

From above analysis, it can be seen that the eigen
solutions of the periodic structure satisfy the Floquet’s
condition, and can be represented as the summation of
space harmonics, which are generally exited every-
where in whole structure; the eigenfunctions in the air
and substrate regions should be represented by infinite

number of transmission lines; each line stands for one
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Fig.3 Equivalent multimode network representation of the grat-
ing antenna.
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. space harmonic; Thus, the whole antenna can be de-
scribed by the multimode network shown in Fig. 3. It is
easy to determine the admittance matrices looking into
the homogeneous medium.

At the interface z = z,, the admittance matrix Y,
looking into the air region, is a diagonal matrix

Y, = (8.1,7) (3)
Y9 = weg/k kO = K - Kk, = ko +2nm/d.
Similarly, at the z =z, interface, the admittance matrix
Y., looking down into the uniform substrate region, is
also diagonal matrix, '

Y, = (- 8,¥cot(kP1)) (4)
Y, = weos,/ky kST = kep, — Kok, = ko +
2nm/d. Since the eigenmodes of the periodic structure
have been determined, the transfer relationship of ad-
mittance matrix for each layer can be obtained by using
the boundary condition of the electromagnetic fields.

After Y*) which is an element of the output matrix
Y, of the air region is known, the electromagnetic field

in the air layer can be expressed in vector form:

+o

H(z) = X VL xED ()] . (5)

m= -

Since the transverse component should be continuous at
z = z, interface, therefore electric and magnetic fields
in the periodic layer should satisfy the following equa-

tion.

+o

H,(z) = 2 Yy(;)[iz XEtm(‘?O)] ’ (6)

where E,, and H,, represent respectively the n-th
space harmonic electrical and magnetic fields in the
periodic layer. Similarly, we have the following equa-
tion at z =z,

+o

H,(z) = X VL xE. ()] . (7)

n=-w
.

Y'Vis an element of the output matrix Y, at z =z, inter-
face, looking up to the periodic layer. The transverse
fields in the periodic region z, <z=<z, for either TE or
TM polarization can be expressed as modal summation
with suppressing the constant vectors

> Vi) [ae™ + b™]  (8)

l= -

H(x,z) = zlz(x)[aze_jkdz"bieikdz] - (9)

l= -

E;(x,z)

1}

The n-th Fourier component is

1}

Y Valae™ + be™*] ,  (10)

l=-w

E,(z)

H,(z) = Y Lilae?™ -b*] ,  (11)

l=~o

where a, and b, are respectively the forward and back-
ward traveling wave amplitude of 1-th Floquet mode in

the periodic layer. V, and I,, are the amplitudes of the

n-th space harmonic of V,(x) and 7,(x). The output

reflection coefficient matrix I' at lower surface of the z

=z, interface can be expressed:

b = [e™a | (12)
I = (5,8) (13)
e = (§eH) (14)
a=[- a a a, 1"

b=[- b b b, 17 . (15)

Substituting (13) ~ (15) into (12), then (12) into
(6), invoking (10) (11), we get

r=>I+yYyv)(r-v,v) . (16)
Similarly, Substituting (10) ~ (16) into (7), we can
obtain the input admittance matrix Y, at z = 2z, inter-
face, looking up into the upper region

Y, = I[1 - e ™o Me][1 - e MeLe ™) (V) (17)

where 1 stands for the infinite unit matrix. The admit-
tance matrix Y, at z =z, looking down into the substrate
region is given by (4). Therefore, the complex eigen
value of the antenna boundary value problem can be
determined by the generalized transverse resonance
condition at z =z, interface,

det[Y, +Y,] =0 . (18)
The last equation defines the dispersion relation of the
whole dielectric antenna, from which the complex
transmission constant k£, = 8 — ja can be obtained.
Once the complex transmission constant k, =8 —ja 1s

obtained, the radiation characteristics of the antenna



324 - 45 5 K W ¥ 26 %

0.13 :
0.01-/—‘1/_‘
SIE6] e |
1E-4{ —LHM
..... RHM
1E-5 y r r \
0.45 0.50 0.55 0.60 0.65 0.70 0.75

0.45 0.50 0.55 0.60 0.65 0.70 0.75
(b)

Fig.4 (a) Variation of leakage constant with grating period.
(b) variation of phase constant with grating period. d, =d, =
0.5d, ¢, =0.45\, t, =0.05A (A =1.0).
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can be completely determined by B and o '*).

2 Numerical results

Though the LHM can be realized only when p. and
e are frequency dependent, yet, we would like to know
the effect of the structure parameters on the radiation
characteristics of the antenna at a fixed frequency,
- therefore we may assume = ~1 £ = -2. 8 and y =1
£ =2. 8 being constant for LHM and RHM respectively.

Let us discuss the effect of the period on the leaky
property first. Fig.4 (a) shows the dependence of the
leakage constant on grating period for both LHM and
the conventional grating antennas, assuming ¢, =
0.45\, t,=0.05\, d, =d, =0.5d(A =1.0),which
surely makes the existence of the fundamental mode in
the LHM and RHM grating structure, though the fun-
. damental mode for LHM- and LRH structure is differ-
ent’®), The Bragg reflection in the radiation region ap-
pears at the d/X =0. 63 for the LHM antenna, and
d/A = 0. 62 for RHM antenna, where the stopband
shows up and the radiation disappears. The leakage
constant a of the LHM antenna is in the order 0. 1 o-
ver a large range of d/A values, while the @A of con-
ventional one is in the order of 0. 001. It means that

the leakage constant of the LHM antenna is more than
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Fig.5 Variation of leakage constant with substrate thickness.
tg =0.05\, d, =d, =0.5d, d=0.6A (A =1.0)
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one order larger than that of the RHM antenna. Fig. 4
(b) shows the dependence of the phase constant on
grating period. It can be seen that not large phase
difference is there between the LHM and RHM anten-
na.

Fig. 5 shows the dependence of the leakage con-
stant on substrate thickness ¢,, with d =0.6\, ¢, =0.
05\, d, =d, =0.5d (A =1.0). The variation of
curve is as expected, because ¢, strongly influences on
the field distribution; at low frequéncy most of the en-
ergy is distributed in the air region, while at high fre-
quency the field is mainly confined within the substrate
region. In these two extreme cases the field in the peri-
odic layer region is expected to be very weak and so is
the radiation. The maximum of the leakage constant
which appears at the ¢ /A =0.51 for the LHM antenna
is much larger than that for the conventional one,
which appears at £,/ =0.42,

The radiation constant aA as a function of the’
grating thickness is shown in Fig. 6. It can be found for
both antennas that when ¢, =0, the antenna becomes a
uniform planar waveguide; no radiation occurs. As we
know that the fields of a surface wave supported by a u-
niform planar structure are evanescent in the air re-
gion. When ¢, is sméll, the perturbation is in the
strong field region, a small increase of t, causes great
effect on radiation, but when ¢, is increasing further,
the additional material appears in a region where the
fields are exponentially small and would have very litile
effect on the radiation and the curves reach a saturation
circumstance. Again, it can be seen that the leakage
constant of the LHM antenna is much larger than that
of the RHM one.
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Fig. 6 Variation of the leakage constant with gratiﬂg thickness.
tg=0.4\d, =d, =0.5d, d=0.61 (A =1.0)
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Table 1 The amplitudes of the n = —1 space harmonic for
: different eigen modes
£1 FREXMEER n= -1 RS HIERIRE
eigen mode order -3 -2 -1 0 1

Amplitude of n = —1 space
harmonic (RHM)

0.249 0.006 0.076 3.95 0.009

Amplitude of n = —1 space

harmonic ( LHM) 0.400 0.098 5.47 5.50 0.084

Table. 1 shows the amplitudes of n = -1 space
harmonic for different eigen modes in LHM antenna
and the RHM one. It can be found that the amplitudes
of ‘the n'= -1 space harmonic in the eigensolutions of
LHM grating layer is much larger than that of the RHM
one. That is just the reason why the leakage constant of
the LHM grating antenna is much larger than that of

the conventional one.
3 Conclusion

A new grating leaky wave antenna based on left-
handed material is presented for the first time and the
radiation characteristics of the antenna are carefully

and rigorously analyzed by using a method which com-

" bines the mode matching procedure with multimode °

network method. The variations of the leakage constant
with structure parameters are given in this paper to

show the special properties of this new kind of anten-

na. The numerical results indicate that the present
LHM leaky wave antenna is of much larger leakage
constant than that for the conventional one. The en-
hancement of radiation of the LHM antenna is due to
that the amplitudes of the n = — 1 space harmonic in
the eigensolutions of LHM grating layer is much larger
than that of the RHM one. These properties of the

LHM antenna are desirable in some applications.
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