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Abstract; In this paper, the absorption property of the left-handed material (LHM) rectangular waveguide was

studied by use of the perturbation method, and other novel properties were revealed. Due to the restriction of the dis-

persion equations, the LHM waveguide can not support the fundamental modes, and its absorption property is quite

different from that of RHM (right-handed material) rectangular waveguide. It was shown that E}, mode’s attenuation

coefficient changes from large to small as the length to width ratio (a/b) grows, while the result is reverse in RHM

rectangular waveguide. In addition, when different modes are propagating in the same LHM waveguide there is an

absorption peak for every mode, and in a small neighborhood of this peak, an attenuation trough can be found. In this

case, higher-order modes possess larger attenuation coefficient than lower-order modes. But, when different modes

are propagating in the RHM waveguide the attenuation curves are changing vibrantly and approach the core attenuation

coefficient with the increasing of the width 6. Otherwise, higher-order modes possess smaller attenuation coefficients

than lower-order modes in RHM waveguide.
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1 Introduction

Left-handed materials (LHM) have opened up
a unique possibility to investigate novel physical
phenomena including refraction of waves. Such ma-
terial, which possesses simultaneously negative va-
lues of the dielectric permittivity and magnetic per-
meability u, was theoretically analyzed by Veselago
in 1968/

analysis, the results appeared to be of limited practi-

Despite the physical significance of his

cal application due to the absence of naturally occur-
ring LHM. Until 2001, the phenomenon of the nega-
tive refraction was firstly experimentally verified by
using artificial left-handed materials realized by
periodic arrays of split ring resonators and wire strips

. . . (2]
in the microwave region .
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Then, a great deal of attention”*' has been paid
to this promising area of research. For example, LHM
waveguides, including planar waveguide>®' | rec-
tangular waveguide'’! and fiber waveguide'®’ | have
been studied. LHM rectangular waveguides are the
important devices of integrated optics, they are also
the basic structures of semiconductor lasers, modula-
tors, direction couplers, et al, and therefore they
deserve more attention and further studies. But at
present, most of the studies focus on the dispersion
curves, the distribution of fields and the propagation
properties of light, the absorption property of LHM
rectangular waveguide is seldom considered. In fact,
most of the LHMs have complex refractive indices
with unnegligible imaginary parts, which cause the

loss of light. In this paper, we investigated the
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absorption property of LHM rectangular waveguides
with complex refractive index, and a numerical ana-
lysis was given about the attenuation curves of rec-
tangular waveguide with a LHM core. The expre-
ssions of the effective refractive index and the attenua-
tion coefficient were derived by the perturbation
method, and a detailed analysis was presented for
the example of defined LHM rectangular waveguides
in two situations. For the first one, the length to
width ratio (a/b) of the waveguide is different, and
for the second one, the modes propagating in the

waveguide is different.

2 Theoretical Analysis of the LHM
Rectangular Waveguide

We consider a rectangular waveguide with the
geometry and parameters given in Fig. 1, where a is
the length and b is the width of the waveguide. The
dielectric permittivity and the magnetic permeability
in the core (i =1) and the cladding (i =2,3,4,5)
are related to their vacuum values &, = g,&; —jb, and
i =pop; —jd; (i =1,2,3,4.5), respectively. It is
assumed that the cladding has a positive index so
that both &, and u, (7 =2,3,4,5) are positive, and
set the core to have ¢, and u, negative. Then we as-
sume n, is the complex refractive index of every sec-
tion, and n,,k; and o, (o; =kok;) (i=1,2,3,4,5)
are its real refractive index, extinction coefficient
and attenuation coefficient (n, =n, —jk,).

a

/ g y

n,

Fig. 1 The cross section of the rectangular waveguide
To obtain a qualitative understanding of these

modes, our analysis is based on Marcatili’s method

We consider the 3D

waveguide as two three-layer planar waveguides in x

for 3D optical waveguides.

and y directions. So, there are no pure TE and TM
modes, but the resembling TEM modes. On one
hand, if the electric field is polarized in the y direc-
tion and the principal field components are £ and
H,, this mode is called E’, mode. On the other
hand, if the electric field is polarized in the x direc-
tion and principal field components are £, and H ,
this mode is called K, mode. Here, m and n are
integers corresponding to the number of peaks of the
optical power in x and y directions, respectively.

Since the extinction coefficient is rather smaller
than the real refractive index, we can use the pertur-
bation method to analyze the absorption property of
LHM rectangular waveguide.

Without loss of generality here we assume that the
influence of extinction coefficient on effective refractive
index is negligible. It is also assumed that the electric
and magnetic fields are confined to the core, which de-
cay exponentially in the cladding and are negligible in
the shaded regions of Fig. 1. We obtain the following
dispersion equations " for E/. mode:

Yi,b = nm + arctan[ (i)h] + arctan[ (ﬁ)h]
&,/ Yy &, Yy

(1)

Yi.@ = mm + arctan[ (’Lﬂ)&] + arctan[ (’Lﬂ)h

M 7Y 1 Ms IV

(2)

and for £Y mode

Yi,b = nm + arctan[ ('Lﬂ)&] + arctan[ ('Lﬂ)h]
Mo ! Y1y s Yy

(3)

Yi,@& = mm + arctan[ (i)&] + arctan[ (ﬂ)&]
&3/ Vi &5/ Vi

(4)

where y,, = (kini =By, = (B = kind) ™,
y4y = (B? - k(z)nézt ) vz ’ 71x = <k§N? - ﬁz ) vz ’ 73.: =

(B’ =kon3)', and ys, = (B" = kons) ", B is the

propagating constant in three-layer planar waveguide

in y direction and B, = ky/N, where N, denotes its

effective refractive index. B is the propagating con-

stant in three-layer planar waveguide in x direction

and B =k,N, where N denotes its effective refractive

index.



54

TANG Ting-ting, et al: Absorption Property in Rectangular Waveguide with Left-handed Material 443

Then we take the extinction coefficient ( k#0)
into account and make use of the results of absorp-
tion of planar waveguides ") to derive some expres-

sions of the attenuation coefficient.

For £’ mode, equation (2) is similar to the
dispersion equation of TE modes in three-layer
planar waveguide in x direction. So, the attenuation

coefficient expression can be obtained as follows

a<Einn) = Qg =

M M3 5

1 Moy M3 35
Na Niapy| a+ T T3
3 MY + My, Vi
where a; is the effective core width of the assumed
three-layer planar waveguide in x direction, and
satisfy the following equation

s (Y1, + ¥3,)
Vo (W37 + 13,730)

ay, = a+ +

1 E1E2Y2y E1E€4Yay

Qmy = [nlal(b + 2 2 2
Nlbeﬂ &Yy T &Yy

where b is the effective core width of the assumed
three-layer planar waveguide in y direction, and sa-
tisfy the following equation

‘9132('%; + ')’;y)
v (£371, + 173)

by =b+

a( K

mn

1
m[]vlam(a +

ENE3Y 3

2 2 2 2
&3V T My Vi,

83\“'1 &3 ’ny

where a; is the effective core width of the assumed
three-layer planar waveguide in x direction, and
satisfy the following equation

v e (Y1 +73)

2 2 2 2
Ya (&390, + 5N1')’3x)

Aoy = a +

MY 2y
2 2 2 2
MY, Yy

MMy Y 4y

where b is the effective core width of the assumed
three-layer planar waveguide in y direction, and sa-
tisfy the following equation
s (Y1, +73,)
2 2 2 2
72)'(#«2')’1}' + M173)')
pis (Y1, +73,)
22 22
Y4y (M4')’1y + Ml)’4y)

by =b+

(12)

2
N M3V 1

Moy sV : ) ]

2 2 2 2)+n3a3( 2 2 2 2 ) n5a5( 2 2 2 2
M3Y1e My, Yse Y2 (,U«3')’1x +Mwl')’3x> Y3 (Ms')’lx + Uy, Vs

(5)
2 2
Ms\']MS(ylx + ')’sx)
2 2 2 2 (6)
Vs (s Vi +M1V175x>

In equation (5), oy is the attenuation coefficient of

TM modes in y direction with core width of b, and it

can be obtained :

2 2
1621y E1E4Y1y )

2 2 22)+n2a2( 2 2 22)+n4a4( 2 2 2 2
EYiy T E1Vay '}’2}‘(3271)» + &1y 74;‘(34'}’1)» + &Yy

(7)
3134('}’?)» +')’42t_y) 8
2 2 2 2 (8)
')’4;»(3471)/ +¢91')’4)»>

For £} mode, the dispersion equation of TM modes

in three-layer planar waveguide in x direction is si-
milar to equation (5). So, the attenuation coeffi-

cient expression can be obtained as follows

)ZaTM:

2
ENE3Y 1

N, E5Y1 ))]

2 2 22)+n3a3((22 22)n5a5(<22 2 2
&3V T ENYs Y2{&3Y1, + &\"ﬂ@x) Yil&syY T EnYs

(9)
3/v135<')’?x + ’ygx)
2 2 2 2 (1())
YSx<85ylx + 8N]Y5x)

Similar to equation (9), oy is the attenuation coef-

ficient of TE modes in y direction with core width of

b, and we can obtain

Sy,

Bafhs Y, )

+ nzaz( ) + n40(4(
pavi, + ,U«fyiy) Yo, (YL, + 14173, Yo, (iYL, +1175,)

(11)
3  Numerical Results

The propagation modes are more strictly con-
fined in rectangular waveguides than in planar
waveguides. Due to the restriction of the dispersion
equations, the LHM waveguide can not support the

E., E,, E, or E., modes and its absorption pro-



444 %k

E 430 &

perty is quite different from that of RHM ( right-han-
ded material) rectangular waveguide in the following
two aspects.
3.1 Different a/b and Different Attenuation
Curves

For absorption of LHM rectangular waveguide,
we can derive the numerical results of the attenua-
tion coefficients calculated by using the expressions
(5) and (9). The guidance conditions of modes are
derived, and the transcendental equation for guided

E?, wave is solved numerically. We choose the

wavelength Ay =1.5 pm,n, = -1.59% ,n, =n, =
ng=ns = 1. 583, and w,/p, =p/ps = p/py =
wi/ms = —1. When calculating the attenuation coef-
ficient o, it is necessary to take the condition of
guided modes’ existence into account (1. 583% <
N <1.594°) and then discuss the results. We also
choose a; =5 x107° pvmf1 L0, =@y =@, =as =9 X
10°° wm ™", when a/b is varying, o is changing
dramatically. Three cases are investigated (a =
1.5b, a=1.75b and a =2b). Take the E}, mode as
an example, the attenuation coefficient curves are
shown in Fig. 2. The cases as above three ones in
RHM rectangular waveguide are also considered in
Fig. 3 and all the parameters are chosen as above
except that n, =1.594.

It can be found that the attenuation curves of
LHM and RHM waveguide have different orders and
different shapes. In LHM waveguide, the attenua-
tion coefficient changes from large to small as a/b
value grows. But for RHM waveguide, the attenua-
tion coefficient changes from small to large as a/b

value grows. However, it is also noticed that the

1.5
=100
3
c
X
S 05
O 1 |

1 1
29 30 31 32 33 34 35 36
width b/pm

Fig.2  Attenuation curves of different /b in LHM waveguide

for E7; mode

N a=1.75b
2.0F a=1.5b

a/(x107 um™)
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2
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width 6/pm

Fig. 3 Attenuation curves of different a/b in RHM

waveguide for £}, mode

general attenuation coefficients of LHM waveguide
are larger than RHM waveguide, which shows stron-
ger absorption of the light than that of the latter.
3.2 Different Propagating Modes and Different

Attenuation Curves

We choose a; =5 x10 7" pm ™' o, =0y =, =
as =5 x107" um ™', the attenuation curves of £,
E}, ,E, modes in LHM waveguide when a =2b are
as shown in Fig. 4. When calculating the attenuation
coefficient, it is necessary to take the condition of
guided modes” existence into account (1.583% <N’
<1.594%) and then discuss the results. We find
that, in LHM waveguide there are an absorption
peak for every mode and an attenuation trough in a
small neighborhood of this peak. They are so close
to each other that slight width changes will lead to
distinct attenuation coefficient changes. In addition
to this, higher-order modes possess larger attenua-
tion coefficients than that of lower-order modes. Be-
cause the absorption property of LHM waveguide is

sensitive to the width, it is necessary to choose proper

10
9,
E 5: £
sy
X 4
3 3
2,
1,
| 1 1 1 1 | 1 | 1 | 1
8§ 9 10 11 12 13 14 15 16 17 18
width b/pm
Fig.4 Attenuation curves of different modes in LHM

waveguide
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o 4 Conclusion
- 3 K We investigated the absorption property of the
£ LHM rectangular waveguide by using perturbation
méé i method. The results demonstrated a number of unu-
3 3 sual properties that differ considerably from those of
? a RHM waveguide. It is shown that in LHM
| ! ! | |

‘ ‘ . , . -
T 4 s is 20 o waveguide, mode’s attenuation coefficient changes

width b/pm from large to small as a/b grows. In addition to this,

when E,, E};, E}, modes are propagating in the
Fig.5 Attenuation curves of different modes in RHM . )
A same LHM waveguide, higher-order modes possess
waveguide

larger attenuation coefficients than that of lower-

length and width accurately to get different absorp- order modes. In this case, for every mode there is

tion property. This property is rather useful when an absorption peak, and in a small neighborhood of

designing filters or attenuators. But in RHM (n = this peak, an attenuation trough can be found.

1.594) waveguide, the attenuation curves are chan- These properties are of particular relevance to

ging vibrantly and approach the core attenuation co-
efficient with the increasing of the width b, as shown

in Fig.5. Otherwise, higher-order modes possess

devices such as filters and WDM devices. So, we
come into the conclusion that LHM waveguides

possess lots of unique and novel properties over

smaller attenuation coefficients than that of lower- RHM waveguide, and it will bring us opportunities
b

order modes in RHM waveguide. to design new devices and have special application.
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