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It was studied the properties of surface electromagnetic waves that propagate along the interface between the
semi-infinite lossy dielectric medium and the left-handed material with “gain”. It was assumed that both media are
isotropic. The dispersion curves of the eigenmodes of such waveguide structures were obtained. It was shown that
for the different modes of waveguide structure there are different quantities and ratios of left-handed material with
“gain” required to compensate for wave energy losses in the dielectric.
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INTRODUCTION

Till now mankind has been achieved a great pro-
gress in the experimental and theoretical research of
new artificial materials (so called metamaterials). These
metamaterials demonstrate interesting behavior and
possess a number of unusual physical properties that do
not exist in all natural substances. Such unique proper-
ties give the opportunity to create a lot of innovative
devices. The characteristic feature of the metamaterials
is the fact, that the electric field vector, the magnetic
field vector and wavevector of the electromagnetic
waves in such media form a left-handed system (so,
such metamaterials are often called “left-handed materi-
als”, LHM) [1].

It is well known that the undamped surface electro-
magnetic waves can propagate along boundary between
lossless LHM and lossless dielectric [2, 3]. The ampli-
tude of these waves will decrease with propagation dis-
tance if we take into account the losses in the dielectric.
Moreover, losses in metamaterials take place due to
Joule heating in metallic elements of these metamateri-
als [4]. Let us assume the existence of gain in the LHM
to compensate the wave losses [5, 6].

1. TASK SETTINGS

The considered electromagnetic wave propagates
along the planar waveguide interface that separates the
lossy dielectric medium and the left-handed material.
Both media was assumed be isotropic. Using of the me-
tallic elements in metamaterials leads to the consider-
able electromagnetic waves spatial damping due to the
well known Joule heating. The left-handed material will

be characterized by effective permittivity ¢ @ and

permeability ©# o that depend on the wave frequency

and commonly expressed with the help of experimen-
tally obtained expressions [2]:
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here o, is effective plasma frequency, @, is the char-

acteristic frequency of LHM. In further study it was
considered the LHM with @, /27 =10 GHz and

@, 27 =4 GHz and parameter F =0.56 [5].
Such parameters ratio leads to the existence of the
frequency region where ¢ @ <0 and 4 @ <0 simul-

taneously. The model parameters v,y simulate the

“electric” and “magnetic” gain of electromagnetic
waves in the metamaterial, respectively.
We will assume that dielectric medium is a non-

magnetic ( , =1) and posses the only “electric” losses
with constant dielectric permittivity
&, =&, +&, =1+i-0.01.

Let us consider the electromagnetic wave that
propagates along this structure. It was assumed that the
wave disturbances exponentially tend to zero
(o< exp[-hy [X[.exp[-x|x|]) far away from boundary
between two media. The dependence of the wave com-

ponents on time t and coordinates x and z is expressed
the following form:

E,H oc E(x), H(X)exp[i(k,z — at)], (2)

here z lies at the separation plane, and x is the coordi-
nate rectangular to the wave propagation direction and
k, =Re(k,) +i-«.

In our case it’s possible to split the system of Max-
well equations on two sub-systems. One of them de-
scribes the waves of H- type and another — waves of E-
type.

The wave of E- type possesses the dispersion rela-
tion in the following form:

g o -hy k,0 +5,-x kj,0 =0, 3)

here  hy = kZ —epupk? K=\/k32—8 o p ok,

transverse wave vectors of appropriative exponents,
k=w/c, were c isthe speed of light in vacuum.
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Similarly the wave of H- type possesses the disper-
sion relation in the following form:

u o -hy Ko+, -k ko =0. (4)

2. MAIN RESULTS

The results of numerical calculation of dispersion
equations for E- and H- waves for the selected set of
parameters are shown at Fig. 1. There are three solu-
tions of two dispersion equations (3, 4).

Curves E1, E2 correspond to the waves of E- type
and curve H corresponds to wave of H-type. For the
chosen set of parameters the domain where the
metamaterial demonstrates left-handed properties (si-

multaneouslye @ <0 and x ® <0) lies in the re-
gion where 1< Q<1.5. The inclined straight line corre-

sponds to §=Q,feD (§=Q./3D ), that practically
coincides with “light” line ¢&=Q. The curve

cfZQ«!(S‘ w p @  corresponds to the condition

x(k;, @) =0 and separates region, where surface elec-

tromagnetic wave can exist.

The modes considered are both forward and back-
ward: modes E1, E2 are forward waves, i.e. both phase
and group velocities are positive, but H- mode is back-
ward, in which phase velocity is positive and group ve-
locity is negative. The absolute value of the group ve-
locity of H- waves can be very low for short waves.
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Fig. 1. The dependence of the frequency Q =/, on
the wavenumber & =Kk,c/ @, for left-handed material
gain values » =10 and v=10"°

Figs. 2-7 presents the dependence of the imaginary
part of wave number o on the normalized wavenumber
for different values of “electric” and “magnetic” gains
of the left-handed material.

For the E1-mode for the long wavelengths (& <1.7)

the damping takes place for all values of gain consid-
ered, but for short wavelengths (£ >1.7) amplitude of
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Fig. 2. The dependence of the imaginary part of

wave number of E1-wave on of the wavenumber for

different left-handed material gain values =10

and v=0(1); 0.005(2); 102(3); 0.05(4)

E1-mode will increase along the direction of propaga-
tion (see Fig. 3, 5).
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Fig. 3. The dependence of the imaginary part of wave
number of E2-wave on the wavenumber for different

left-handed material gain values y =10 and
v=0(1); 0.005(2); 107(3); 0.05(4)
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Fig. 4. The dependence of the imaginary part of wave
number of H-wave on of the wavenumber for different

left-handed material gain values y =10 and
v=0(1); 0.005(2); 107(3); 0.05 (4)
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For the E2-mode the small values of gain do not
give increasing; at value v =107 we have full loss

compensation and at v>10" the increasing along
propagation will take place.

The preliminary estimation of the media/waves pa-
rameters ratio give a conditions needed for full compen-
sation of the dielectric losses

vis(@)| =/ o) =|e5 /)
This estimation is fully confirmed for E2-mode both
for long and short wavelengths. For E2-mode it is pos-

sible to compensate the dielectric losses by weak gain in
the LHM medium (Figs. 3, 6).
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Fig. 5. The dependence of the imaginary part of wave
number of E1-wave on of the wavenumber for different

left-handed material gain values v =10~ and
y=0(1); 0.0005(2); 10°(3)
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Fig. 6. The dependence of the imaginary part of wave
number of E2-wave on of the wavenumber for different
left-handed material gain values v =10 and
y=0(D; 0.01(2); 0.05(3)

As we can see from Fig. 4, 7, the compensation for

H-mode is not successful under the considered values of
the LHM gains.
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Fig. 7. The dependence of the imaginary part of wave
number of H-wave on of the wavenumber for different

left-handed material gain values v =10~ and
7 =0(1); 0.0005(2); 10°(3); 0.005 (4); 10%(5)

CONCLUSIONS

We have obtained that influence of positive-valued
gain in the metamaterial is very different for the damp-
ing of different modes. To compensate the losses in di-
electric medium it is need to choose different values of
metamaterial’s gain for the specific propagating mode.

It was demonstrated the possibility of full loss com-
pensation for the surface electromagnetic wave at the
boundary between the dielectric with losses and the iso-
tropic left handed material with gain.

The results obtained in this work can be useful for
the diverse practical applications of metamaterials in
science and technology.
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INOBEPXHOCTHBIE 3JIEKTPOMATHUTHBIE BOJIHBI HA TPAHUIE PA3JAEJIA JUDJEKTPUKA
C IOTEPAMM N JIEBOCTOPOHHEI'O MATEPHUAJIA C YCHWJIEHHEM

B.K. I'anaiioviu, H.A. A3apenkos, B.Il. Oneghup, A.E. Cnopos

W3y4eHsl cBOMCTBA MOBEPXHOCTHBIX 3JEKTPOMArHUTHBIX BOJIH, PACIIPOCTPAHSIOIINXCS BIOJIb TPAaHMIBI pasJiesa
MOTyOECKOHEUHBIX AUICKTPUKA C MOTEPSMH U JIEBOCTOPOHHETO MaTepHuaia ¢ «ycuieHuem». [Ipeanonaranocs, 9To
00e cpeapl SBIAIOTCA H30TPONHBIMHU. [10TydeHbI AUCTIEPCHOHHBIE 3aBUCUMOCTH JUIsi COOCTBEHHBIX MOJI TaKOH BOJI-
HoOBexylied cTpykTypbl. [lokazaHo, 4TO /IS Pa3IMUHBIX PACCMATPUBAEMBIX MOJ CTPYKTYPBI CYIIECTBYIOT pa3iauy-
HBI€ BEJIMYUHBI U COOTHOILLICHUS «yCUIICHHSD JICBOCTOPOHHEH CPEebl, KOTOPbIE HEOOXOIMMBI JUIsl KOMIICHCAIIH T10-
Tepb SHEPTUHU BOJHBI B TUDJIEKTPUKE.

IHOBEPXHEBI EJIEKTPOMAT'HITHI XBWJII HA MEKI PO3J1JTY JIEJJEKTPUKA 3 BTPATAMUA
I JJIBOCTOPOHHBOI'O MATEPIAJY 3 NI ACUJIEHHSAM

B.K. I'anaitouu, M.O. Azapeukos, B.Il. Onegip, O.€. Cnopos

BuBueHO BIAaCTHBOCTI MOBEPXHEBHUX €IEKTPOMATHITHIX XBHJIb, IO IMOIIUPIOIOTHCS Y3I0BK MEXi pO3ALTy HaITi-
BHECKIHUCHHUX JICNIEKTPHUKA 3 BTPATaMU i JIIBOCTOPOHHBOTO MaTepialy 3 «IiJCHICHHIM». BBaxainocs, mo obunasa
cepenoBua € i30TpomHUME. OTpUMaHO AUCIIEPCIHHI 3aIeKHOCTI IS BIACHUX MOJI TaKOi XBUJIEBOJHOI CTPYKTYPH.
IToka3zaHo, oo IS Pi3HUX PO3IIISIHYTHX MOJ CTPYKTYPH iCHYIOTh Pi3HI BEIMYWHH Ta CIIIBBITHOIICHHS «IIOCHICHHS)
JIIBOCTOPOHHBOTO CEPEIOBHIIA, 1110 HEOOXIHI sl KOMIIEHCAI BTpaT eHepril XBUJIi B JIEIEKTPHKY.
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