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The properties of surface electromagnetic wavepagating along a planar structure consisting afieal die-
lectric, a dielectric layer with large losses artuigh dielectric constant, and a left-handed metaria with "ampli-
fication" are studied. All media were assumed tgaitt. Dispersion relations for the eigenmodes ahsa wave-
guide structure are obtained. The possibility dif fampensation of the energy losses of surfaceewas demon-
strated.
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INTRODUCTION o
_ _ £(@w) =1-———, @)
There are a lot of experimental and theoreticad-stu aw—iv)
ies of the metamaterials that have been alreadg dod
currently are carried out in the world laboratoriesese =
metamaterials possess many unique physical preperti Hw) =1-———, (2)
that are not found in ordinary natural materialghsas: Ww=iy)-af

simultaneously negative value of permittivity aner{p
meability, reverse Doppler and Cherenkov effects, e here w, is effective plasma frequencyy, is the char-

So, it is expected that the existence of such wmusipcteristic frequency of LHM. In further study it sa

properties will open the possibilities for creatimhnew  -ynsidered the LHM with w /27=10 GHz and
devices [1, 2]. Previous studies were mainly foduse b

the variety of planar waveguide structures thattaion @ /277=4 GHz and parameter F =0.56 [3]. The

the left-handed metamaterials without losses [3, 4]  model parametersy,y simulate the “electric” and
In our recent paper [5] it was demonstrated the posmagnetic” gain of electromagnetic waves in the -met

sibility of full loss compensation for the surfae&c- amaterial, respectively.

tromagnetic wave at the boundary between the diedec  Sych proportion of the parameters leads to the-exis

with losses and the isotropic left handed matesiéh o of the frequency region where(w)<0 and
the frequency-independent gain. Previously, it was

mainly studied the metamaterials with dielectriadsl #(@) <0 simultaneously.
dings with rather low permittivity and without areid- It was assumed that the layer of high-permittivity
erable losses. dissipative dielectric is non-magneticy(=1), has

In the present work it was studied the planar wave; . . . .
guiding structure in which the left-handed metamiate hicknessd and posses the constant dielectric permit-

with gain [1] is cladding by the finite thicknesayer tivity that equals tog, = ¢, + £, ~ 35+i [B0. Such val-
with high-permittivity dissipative dielectric matak It ues of task parameters were chosen due to thepttgm
is assumed the existence of the gain in the LHM twmodelling of the electromagnetic wave propagation
compensate the wave energy losses [1, 2] and is radong the biological sample.
discussed mechanisms of such gain in this paper. Let us consider the electromagnetic wave that prop-
agates along this structure. It was assumed teav#ive
1. TASK SETTINGS disturbances exponentially tend to zero far awaynfr

both boundaries. The dependence of the wave compo-

The considered electromagnetic wave propagat@gnts on time and coordinates andz is expressed the
along the planar waveguide structure that consifts following form:

ideal dielectric €, = 4.5, i, =1), the rather thin layer of

thicknessd with high-permittivity lossy dielectric me- E,H O E(X), H(X expli(k = w1)], 3)
dium (&,,4,) and the left-handed metamaterial with

gain. All media were assumed to be isotropic. Tfe | herez lies at the separation plane, ands the coordi-
handed material is characterized by the effectarenit- nate rectangular to the wave propagation direcéiod
tivity £(w) and permeabilityu () that depend on the Ks =Re()+ilim(k;).

wave frequency and commonly expressed with the he N the considered case it is possible to splitsye
of experimentally obtained relations [3]: tem of Maxwell equations on two sub-systems. One of
them describes the waves bFtype and another —

waves ofe-type.
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The wave ofE-type in the given structure possesse 1,0
the dispersion relation of the following form: ]

0,8

e {(e(w) h +ex)(Eh+e,h)} - @ :
e"{(e(w)h~£x)(e,h~&,h)} =0 06

herehl,zz\/klz,Z_gl,?ul,J(z ) /(:\/ksz—g(a)),u(a))kz - 0,4—5
are the transverse wave vectors of appropriatiy@-ex ]
nents,k = w/ ¢, were ¢ is the speed of light in vacuum. 0 2_5

Similarly the wave ofH-type possesses the disper-
sion relation of the similar form:

e{ (u(w) h+ ) (0 + i)} = ®) O'O_; 1 2 3 4 5 6 7 8 9 10

e (u(w)h - ux - =0.
{(,u( )n AN ,uth)} Fig. 2. The dependences of the of the EWavel fregue
2. MAIN RESULTS on the wavenumber for different value of real prt
high-permittivity dissipative dielectric layey

The results of numerical solution of the dispersion
equations forE- and H-waves for the given set of pa-
rameters are shown at Fig. 1. It were found thde-s |o/o,
tions of two dispersion equations (4), (5): twousions
for E-wave and one solution féi-wave. 1,3

Curves EWavelEWave2correspond to the waves
of E- type and the curvelWavelcorresponds to wave
of H- type. For the chosen set of parameters the dom
where the metamaterial demonstrates Ieft-handepj—pr1’2'

erties (i.e. simultaneouslw) <0 and x(w) <0) lies
in the region wherel<Q =a/w, <1.5. The inclined

EWave2

straight lines corresponds te,')’:ckg/a)o:Q\/?l and

¢ =QRef,)). The curve{ =Q,/e(w) u(w) corre-

sponds to the condition(¢,Q)=0 and separates re-1.0tT——T——T T 11—

gion, where electromagnetic wave of the surfaces typ

canexist. Fig. 3. The dependences of the of the EWave2 fregue
The considered modes are both forward (both phasgyn the wavenumber for different value of real urt

and group velocities are positive) and backwardagph high-permittivity dissipative dielectric layes,

velocity is positive and group velocity is negajiva

the corresponderd- region.
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Fig. 1. The dependence of the frequefy w/ w, on

the wavenumbe¥€ = k,c/ ), for the metamaterial gain Fig. 4. The dependences of the of the HWavel

frequency on the wavenumber for different valueaf

valuesy=v=0 and for dielectric layer:>=35; part of high-permittivity dissipative dielectricylar &,
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Figs. 2-4 present the modification of the dispersiosipative dielectric layer. The upper graphs on Fig8
curves with the changing of, value for all three show the slight deviation of the eigenfrequencastiie

modes. For each mode the obtained modificatiorsdis eco_rrespondent modes under “switching-on” of thehsuc
sential. If the value ofg, is increased, then the 9&INS-

eigenfrequency of the considered surface modes ;-

1,0143
decreased. ’
o/
1,4+ 0
o
@, 1,0142
EWave2
v/m0
1,31 10141 T T e PR o
0,00 0,01 0,02 0,03 0,04
o,z-c“
1 0,1
A=01 00
H,,é’ 011 (L
7 A LR ERE IR ER LT IERZERTERE REER IR IERZER
0,00 0,01 0,02 0,03 0,04

Fig. 5. The dependence of the of the EWave2 freguen
on the wavenumber for different value of thickrnass
high-permittivity dissipative dielectric layer

Fig. 7. The dependence of the wave frequency and th
imaginary part of wavenumber of EWave2 on the \salue
on “electric” gain v for £2=35+i30;
y=10° and ¢=10.0
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Fig. 8. The dependence of the wave frequency and th

Figs. 5, 6 present the modification of the dispmrsi . .
curves with the changing of the thickness of highl_magmary eart of Wa\,/’enu_mber of I—_|Wav_el.0n the value
of “magnetic” gain y for ,=35+i30;

permittivity dissipative dielectric layer. It wadbtained

that the thickness of dissipative layer stronglfiuin ~ v=10°and¢=10.0 _

ences on the surface wave dispersion properties. It was obtained, that rather low gain values are
The dependencies of the imaginary part of the waeeded for the full compensation of the electronaéign

number " versus on the values of the “electric” andSUrface waves energy losses in the dissipativediie.

the “magnetic” gain of the left-handed material pre- Thus, such full compensation of tEaVavezmode

; g energy losses takes place if=0.013, and for the
sented on the Flgs. 7,8 Th? condn@ﬁ- 0 'm.p!":f? 8 Hwavelmode such effect was observed va0.037.
full compensation of losses in the high-permitgivitis-
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It was obtained that surface electromagnetic wav
that propagate along the interface between thenardi
dissipative dielectric with strong losses and swrbpic
metamaterial are strongly damped. It was shown tl
possibility of full loss compensation for the suda
electromagnetic wave that propagates in such wa\
guide structure along the interface between thén-hig
permittivity dielectric with strong losses and tieo-
tropic left handed material with gain. However,ist
necessary to choose the appropriate values of ragtam
rial gain for each mode considered here. The reduir
gain values for such compensation are seemed to
quite reachable.

The results obtained in this work can be useful fc
the various practical applications of metamaterials

; - Article received 26.09.2018
science, medicine and technology.

MOJEJIUPOBAHUE PACITPOCTPAHEHUSA JIEKTPOMATHUTHBIX IIOBEPXHOCTHbBIX BOJIH
HA TPAHUIE MEXAY JJEBOCTOPOHHUM METAMATEPUAJIOM U JUCCUITATUBHBIM
JAUDJIEKTPUKOM

B.K. I'anaiioviu, H A. A3apenxoe, B.I1. Onegup, A.E. Cnopoe

W3ydeHs! cBOMCTBA MOBEPXHOCTHBIX 3JEKTPOMArHUTHBIX BOJH, PACIIPOCTPAHSIOMINXCS BIOJb INIOCKOH CTPYKTY-
PBI, COCTOAIICH U3 HACATHHOTO IUAIEKTPHKA, CI0S JUAICKTPUKA C OONBIINMA MOTEPSIMH U OONBIION AMAIEKTpHYe-
CKOM IPOHMIATEIHHOCTHIO M JIEBOCTOPOHHETO MeTaMaTepuaia ¢ «yCuiIeHnemM». Bee cpensl cuuTaiich H30TPOITHBI-
Mu. [loxydeHs! TMCIepCHOHHBIE 3aBUCUMOCTH ISl COOCTBEHHBIX MOJ] TAKOH BOJIHOBOAHOM CTPYKTYpHI. [Ipomemon-
CTpUpPOBaHA BO3MOXHOCTb MOJHOW KOMIICHCAIIUH TOTEPh SHCPIHH MOBEPXHOCTHBIX BOJIH.

MOJEJIOBAHHSA NOIIUPEHHSA EJTEKTPOMATHITHHUX ITIOBEPXHEBUX XBUJIb HA MEXKI
MIK JIBOCTOPOHHIM METAMATEPIAJIOM TA JUCUITATUBHUM JIEJEKTPUKOM

B.K. I'anaiiouu, M.O. Azapenkos, B.I1. Onegip, O.€. Cnopos

BuBueHO BIACTHBOCTI MOBEPXHEBHUX CIICKTPOMATHITHUX XBHJIb, IO TOMIMPIOIOTHCS Y3IOBXK IIACKOT CTPYKTYPH,
0 CKJIAJIAETHCA 3 1IEATBHOTO JIIENeKTPUKa, Mapy MieJeKTPHUKA 3 BEIMKUMH BTpaTaMHU Ta BEITUKOIO JiEICKTPUIHOIO
MIPOHUKIIUBICTIO 1 JTIBOCTOPOHHLOTO METaMaTepially 3 «miICHICHHIM». YCi CepeJOBHINA BBAYKAIHUCH 130TPOITHUMHU.
OTprMaHO JUCTIEPCiiHI 3aJIeKHOCTI TSI BIACHUX MOJI TaKOi XBUJIIEBOIHOT CTPYKTYpH. [Ipo/IeMOHCTPOBaHO MOKITH-
BiCTh TTOBHOI KOMIIEHCAITi1 BTPAT €HEePrii TOBEPXHEBUX XBHJIb.
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