PHYSICAL REVIEW E 70, 066606(2004)

Characteristics of waves guided by a grounded “left-handed” material slab of finite extent
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The properties of waves guided by a plane-parallel finite slab of material having an ideal, homogeneous, and
causal permittivitys(f), and permeability(f), are investigated analytically and numerically through simula-
tions done via a finite difference time domaimTp) code. Lorentzian functional forms are chosend@h and
u(f). Wave guidance is examined for frequency ranges where the material in the slab is in the left-handed
material(LHM) regime, i.e., the real parts eff) and u(f) are negative. It is shown that for reasonably thin
slabs, and unlike ordinary materials, there is a unique power recirculation or feedback mechanism wherein the
fields in the vicinity of the slab exchange power across the free-space/LHM slab interface. Within the LHM
slab, the power travels backwards towards the source. This results in significant but bounded energy accumu-
lation near the edge of the slab closest to the source. The energy exchange across the slab interface is necessary
in order to sustain the resulting backward wave in the slab. Slabs thicker than a wavelength are also analyzed,
leading to a reversal of the power loop description. The agreement between analytical and numerical results is
excellent. They confirm the guided wave physics of a LHM slab.
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I. INTRODUCTION is characterized by simultaneous negative[sRB] and
. . . . R f)]. Th materials have the rather un | propert
It is a well-established fact that for simple geometries, ()] ese materiais have fhe er unusuat property
: that the phase velocity and the energy flow are in opposite
electromagnetic power travels away from the source. In th%lirections[4—1]]
o e e oo o MlEns sed 1o dat for experimentl replcaon of
nieh p IaHM properties have been composed of discrete elements
wards towards the source exists in a grounded left-hande : SO
g 1 Smaller than the wavelength of illuminati¢8—12. The ma-
material(LHM ") slab.

Guided waves in penetrable layers have been studied e)t(g_arlals typically consist of periodic arrays of wires and split

tensively for “ordinary” materials where Re(f)]>0 and ring resonator§SRR). The latter were first proposed by Pen-

Re[ u(f)]>0. Two maijor types of guided waves can be dis dry [13]. Left-handed behavior is then observed in selected
' “frequency regimes. Previously we have demonstrated that
tinguished: the forward waves and the backward wg¥ea. guency regi VIOUSYy W N

. . . e the periodicity in these LHM syntheses produces multiple
An example of the former is the familiar end-fire radiation of periodicity | y produ uttip

fini diat Backward reflection and transmission bands analogous to those ob-
Inite radiating structures. Backward waves are more CoMgqyaq with photonic band-gap materials and frequency se-
plex. They radiate in the direction of the source and thus cal

. - . fective surfacesFSS [12).
contribute significantly to backscattering. Backward waves Shadrivovet al.in a recent paper dealt with guided modes
are very difficult to produce using homogeneous materiag

eigenmodekin an infinite LHM slab[14]. Unlike the finite
layers. To the authors’ knowledge, the existence of backwar g Bl ! [14] ! o

in ah B . he intrinsi rounded LHM slab considered here, the infinite slafilidi
waves in ahomogeneousyer requires the Intrinsic proper- g i, ree spacéungroundegland lossless, i.e., the material is
ties of a material layer to be anisotropic and nonreciprocal

. . . . noncausal. The polarization is orthogonal to the present one.
such as a biased ferrite or a moving medium. No homoge- P g b

neous isotropic medium is known to be capable of sustaining

backward wave operation in the grounded slab configuration. ll. ANALYSIS
However, as shown hefe' a grounded h_omogeneous LHM Our investigation was carried out both numerically and
slab, where the conducting surface IS an mtegral part of th%nalytically. The numerical simulations were done via an
structure, does produce a power recirculation at the slab iN=o code[15,16, requiring causal material parameters. A

':E(rafasti:btzztel?epends on a dominant backward wave WlthlrE)arallel theoretical analysis for a grounded infinite homoge-

Veselago introduced the concept of a LHM aGedanken neous LHM slab was used to provide additional insights into

: . the physics of the problem. These results supported the prin-
experiment 35 years ad8]. As noted above, such a material cipal conclusions from the FDTD simulations.

"Here “left-handed” is not associated with handedness but with
negative refraction. We follow the terminology introduced by Vese-
lago that is widely accepted at the present time. Alternately, such For physically meaningful electromagnetic propagation in
materials are also designated in the literature as negative index many medium, it is important that the constitutive parameters
terials (NIM). be causal. Previously Lorentzian, Debye, and Drude models

A. FDTD simulations
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have been employed in connection with LHM media. It isuses PML(perfect matching laygrabsorbing boundaries in
known that to obtain negativeeal) index of refraction prop- the dimensions of finite extent. A perfect magnetic conductor
erties over a limited frequency range, both the intrinsic peris used to realize a symmetry plane through the center of the
meability u(f) and the permittivitye(f) must be strongly sample[17]. A time step interval of 1.9 pgCourant condi-
dispersive. In the present study, we have adopted a Lorent$on) was used in all computer runs.

ian frequency-dependent medium for betlfi) and w(f). It is Figure 2 depictsDTD “snapshots” of the electric fields)
of the form during the CW pulse an¢b) after the CW pulse. There are

four components of these fields. They &i¢ P, is the inci-
dent wave propagating on the ground plane from the source,

F(f)=1+ K-1 (1) (2 Pis the wave that has penetrated into the si8pPs is
(G f\2 the surface wave along the free-space/LHM slab interface,
1+] ? v and(4) P, is the backward wave within the slab itself. Note
o] [0}

there is no phase reversal along the top of the slab. Hence the
We focused on materials whete(f)=¢(f)=u(f). This  phase fronts of the transmitted field in the slab must travel
choice minimizes impedance mismatches avoiding multiple@way from the source. On the other hand, according to Ve-
reflections that can obscure the wave propagation featuré¥ago[3], we know that phase and power travel in opposite
within the slab. The resulting medium has a complex indesdirections in a LHM medium. Specifically, the powe in
of refractionn(f) with Ren(f)] acquiring positive, negative, the LHM slab travels backwards towards the source, result-

or zero values as the frequency is varied. This allowed us tH.'g in a finite but significant energy accumulation at the slab

investigate the physics of propagation over a broad :~:pectrurref.dge closest to the source. This is thg reverse of the effect
In the simulations=(f) = u(f) or () andK = upe OF £pe. TO encountered for a LHM slab for normal incideni@. In that

reduce the effect of losses, in Eql) we selectedG case, the power in the slab travels away from the source

~0.04 GHZ, egc= upe=4.0, andf,=6.3 GHz. The calcula- while the phase travels towards the source.

. d Figure 2 also shows that a high-field concentration in the
tions were carried out arourfd=10 GHz, where the Lorent- . - . . T .
zian index takes on a value af—1.001-0.013. leading-edge region exists. Any discontinuity that interrupts

The specifics of the three-dimensiondD) geometr the backward power flow in the slab leads to a region of high
used in tr?e simulations is qiven in Fig. 1. The I(::]HM sarz |cENergy density. AdditionalDTD simulations, not shown here,
. 9 9. L. "P€ eveal that the field oscillations persist-9 ns due to the
is 30 cm long by 10 cm wide and 1 cm thicke., a slab is

one-third of a wavelengjh It rests on a 70-cm-long metal high Q of the materiaklow los9, and that the radiation oc-

i . : urs principally at the edges of the slab. Note, the curvature
block. Open-ended v_vavegmdes. embedded in the ”.‘Eta' blog iscontinuities(kinks) in the phase fronts at the free-space/
are used as transmit and receive antennas, terminated wi

50 ) coax lines. The whole fixture rests on a around plane HM interface on top of the slab are clear evidence of power
; - S : ground p recirculation between the free-space region and the LHM
In the simulations, we initially excited the transmit antenna

with a 10 GHz CW pulse at=0 with a duration 3.2 vy slab, i.e.,P; andP, are in the positive and negatiwedirec-

The FDTD code for the simulations has been validatedtlon’ respectively.

extensively by laboratory experimenfd5,1§. The code In the following simulations, we excited the transmit an-
y by y exp e tenna with a 10 GHz CW pulse &0 with a duration suf-

ficiently large to verify that the time-harmonic state was
AWhile the fields at the receive antenna were also calculated, thefieached. Figure 3 presents a snapshot of the electric fields at
discussion is omitted since they play no role in the power recircut=50 ns after the start of the CW pul@ee., after about 500
lation mechanism. periody, together with the Poynting vector calculations
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During 10 GHz Incident Pulse:

FIG. 2. (Color) FDTD *“snapshots” of the
electric fields during(a) and after(b) the CW
pulse. The figure illustrates that remarkably,
power recirculation exists at the top surface of the
slab, due to the fact that power within the LHM
slab travels backwards towards the source. The
power circulation between air and slab is evident
from the phase front discontinuitigkinks). The
figure also illustrates the high field concentrations
near the leading edge. Cas@s and (b) corre-
spond tot=2.86 ns and=4.25 ns, respectively.
At 10 GHz the slab is one-third of a wavelength
thick.

(b)

along a plane bisecting the slab. The two lower figures ipower in the LHM slab travels initially away from the lead-
Fig. 3 depict thex-directed Poynting vectd?, in the vicinity  ing edge, while the phase front travels towards the leading
outside and inside of the leading edge of the slab. Inside thedge. This was previously demonstrated for a slab at normal
slabP, <0, i.e., directed in the negativedirection, confirm-  incidence[16]. As the incident wave progresses along the
ing that the fields in the LHM slab are principally backward free-space/LHM interface, evanescent fields become pre-
waves. The small positive ripples foP, occurring for dominant. This was confirmed from the theoretical analysis.
t>3 ns are consistent with the presence of reflected rayd’he dominant mode inside the slab must carry power to-
This is due to the fact that the initial pulse from the sourcewards the leading edge, but initially it is minimum. As time
reaches the leading edge of the slaliatl ns, and it takes passes, power begins to leak into the slab, and the power
the pulse~2 ns to make a complete traversal back to theflow to source occurs through the backward wave mode over
leading edge. Outside the sl&) is predominantly positive, the entire length inside the slab.
except for the contributions of the fields reflected from the TheFDTD computations of the time-varying Poynting vec-
leading edge beginning at- 1 ns. tor field distribution for the finite slab were carried out for
Further examination of theDTD results reveals that for time t sufficiently large so as to ensure that the time-
early times, when the wave packet first hits the leading edgeharmonic (steady-stateregime was reached. It was found,
the phase fronts in the slab are reversed, indicating negativigowever, that the time-harmonic field snapsh@ifier sev-
refraction. In other words, during the early times the energyeral hundred periodsare essentially identical to those ob-
transmission into the slab takes place initially through thetained after 30 periods. For brevity, in the presentation no
edge and not through the top surface of the slab. Thus theimilar snapshot will be presented in this context. The results

BT ‘\h\“‘ﬁfr

SESEEEaEEEE '" = X FIG. 3. (Color) Poynting vec-
tor along the slal(central plane
cut). The top figure is a snapshot
at 50 ns after the start of the CW

0.2 pulse. The lower figures depict the
b x-directed Poynting vector outside
0.0 (lefty and inside (right) of the
PX ] leading edge of the slab. The con-
vergence of the Poynting vector
0.2} magnitude is a clear indication
that the time-harmonic regime has
-0.4 ¢ been reached.
-3 . : . . -0.6 . : : :
0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns)
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80 —7/ " ,%,. A 77 fields in the free-space region into the backward wave within
17 N # AN 'jggj s the slab. Also, other calculations not shown corresponding to
~ ggg A earlier times(about 30 periodsdo contain a very small up-
70 —f;,;/: 2727 s A A ward pointing component for the Poynting vector inside of
T B AT T e TA the slab. These are the effect of transient fields due to higher-
A AT 2 » 27T 4 2T T A a7 . . .
CETT s 2T T BT A a order modes in the slab, and they do die out for larger times.
60-. 2220 227 o We have carried out further studies of the phase front
el A S I behavior at later times not shown here. They confirm that
g il = s ot once the incident wave packet has subsided, remnants of a
B ol o3 =T reflected wave packet as well as interference between back-
A R A ward waves inside the slab are operative. The internal fields
R = I = AR Y . . . . . .
S am e s s do persist over a long period of time, indicating that the
403330030 LHM slab is a highQ structure. This is consistent with the
N choice of parameters in E¢L), picked earlier to ensure low
L S T - Y S S
N loss.
30 We have also studied the effect of the thickness param-
R R R eter, and found that as the thickness increases and exceeds
Jre€E€E~ P v e~ - . . .
b eiThe 0 GeshT @ oiceo @ o < the free-space wavelength, a combination of higher-order
20 LTSS modes resembling Veselago’s lens fie{ds., power normal
360 370 380 390 400 to the slab front edge is continuguaill become dominant

inside the slab, inverting the state of affairs, i.e., the power

FIG. 4. FDTD time-harmonicf=10 GHz Poynting vector field in  Inside the slab will be directed away from the source, while
the neighborhood of a LHM slab, calculated after 500 periods. Théhe power right above the slab will flow towards the source.
vector field is mapped for 356 msmx<408 mm. The LHM slabis We observe that well above the slab boundary, power is di-
the region 20 mne z<30 mm. The magnitude and direction of the rected away from the sourgéhis is as expected, so that the
arrows correspond to the local Poynting vector. Although the powenet power flow is away from the sounceFigure 5 helps
in the slab flows eminently towards the sourgdeft), the power illustrate this by comparing the fields in the 1 cm case with
above the slab points away from the slaight), and can be signifi- those h a 5 cmslab configuration. Figure(b) shows explic-
cantly larger, resulting in a net power flowing away from the itly polaritons and higher-order modes which peak at the
source. ThedTD simulation consisted of 1000 periods. metal interface and appear to be related to direct transmis-

sion at the vertical interface.

are presented in Fig. 4 in the form of Poynting vector fields, FDTD animations indicate that for the case of 5 cm, the
corresponding to 50 n&00 periods for a slab with thick-  power circulation between air and slab is reversed with re-
nessh=1 cm atf=10 GHz, wheree==-1.00150.013. In  spect to the 1 cm case, i.e., power in the slab travels away
Fig. 4, thez component of the Poynting vector field is mag- from the source, and part of this power leaks to the free-
nified fivefold to show the power flow in more detail. The space region, from where it travels backward towards the
figure shows that power is drawn from the incident fieldsource. The remaining power in the 5 cm slab gets either
along the whole length outside the top of the slab to feed théransmitted at the second vertical interfgtieere is a larger
layer-bound backward wave inside the slab. field with respect to the 1 cm case on the receive waveguide

Other calculations not shown here confirm that as theattenuated, or weakly contributes to the excitation of polari-
losses increase, the power feedback becomes more prtens at the trailing edge.
nounced, with the Poynting vector field tilting even more, We have also investigated the case of a 1-cm-thick slab
demonstrating that more energy couples from the evanescewith different separations between source and slab, with very

LS

FIG. 5. (Color) FDTD “snapshots” of the electric fields in the time-harmonic regafter about 50 CW periodisThe figure illustrates the
effect of LHM slab thickness on the guided wave properties. Cémeand (b) correspond tch=1 cm andh=5 cm, respectively. The
correspondingDTD animations indicate that for cagk), the power circulation between air and slab has been reversed with resgagt to
i.e., power in the slab travels away from the source, and part of this power leaks to the free-space region, from where it travels backward
towards the source.
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FIG. 6. Definition of propagation anglep and decay angle

@A FIG. 7. Propagation angles of leading backward wave modes as
a function of loss. The solid and dashed lines dengiefor the

similar results. The main difference we were able to noticedominant and next modesZ respectively. The L_HM slabis 1 cm_thick

was a very slight enhancement in the power circulation be@ndf=10 GHz,e=n=-1-j tané. The calculation was done using

tween air and slab, and this occurs only for the case of pland® analysis of18] adapted to LHM.

wave incidencésource of infinite strength at infinitywhere

the incoming plane wave is grazing at the slab top surface. ky=a—-|B,
Because of the similarity, and also for the sake of brevity in
the presentation, the corresponding data are not presented k,=y—jr.
here.
{=v-jp, (5)
B. Theoretical justification: Infinite grounded slab case it is possible to represent the time-domain fields in the free-

In this section, we show that the salient features observedPace region as
in the FDTD simulations can also be deduced from a time- T o T akaX i
harmonic analysis of the dominant guided mode within an H() =Y coswt ~kp - x)e™7, 2> ©)
infinite LHM slab. Specifically, we show that the continuous — = — =
energy exchange between the slab and free-space region, re-  E(t) =[¥ X kpcogwt — Kkp - X) +§ X kasin(wt
sponsible for sustaining a backward wave within the slab, K —E\-Y/ h 7
can be demonstrated in terms of the dominant guided mode. pX)]e wsg,  z2=>N, ()
The ana_lysis is carried out in 2D as it inclu_des_all the mainwhereip andE\ are real vectors given by
geometrical features and the salient physics involved. We o o
adopt a field description in terms of guided modes, which is ka= 12+ BX = |Kal[cOL @)X + sin(pp)Z],
strictly valid only in the neighborhood of the slab. Consider-
ing the TM mode with the magnetic field polarized along the

y axis (see Fig. 6 for the 2D geomeitya solution to the kp = - pZ+ aX = [Kp|[cOL @p)X + SiN(@p)2]. (8)
Maxwell equations yields Equation(8) defines the real angles, and ¢p, which denote
(1) - the direction of amplitude decay and phase progression, re-
H = etk % {e ' z (2)  spectively. It is known that in lossless media the direction of
cogk,z)/cogk,h), z<h, propagation is perpendicular to the direction of defhSj.
where h represents the thickness of the LHM slab, while Eigure? depicts the directions of propagation and decay, i.e.,
ke, k, and{ are spectral coefficients that satisfy kp andky, respectively. We expegtp and e, to be 90° apart.
Following the analysis of18], we solve the transcenden-
k3=k:- 22, tal Egs.(3) and(4) for a LHM slab, 1 cm thick, characterized
by e=u=-1-j tan 6, and we examine the resulting propa-
K2 =12+ K2 (3)  gation anglepp at f=10 GHz as a function of the loss tan
The dominant backward wave modes as a function of loss
The coefficients are solutions of transcendental equationgre given in Fig. 7. For completeness, we also show the
given in[18], formed by Eq.(3) and propagation angle associated with the next mode, given by
e = eoktan(k ). @) the dashed line. Note that sineg-<O0, the direction of

propagation is towards the slght almost grazing anglgs
By splitting the spectral coefficients into real and imaginaryindicating that energy is pumped into the slab from the out-
parts as follows: side. This is in agreement with the earlTD results.
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FIG. 8. Map of the Poynting vector fields of the dominant

guided mode in the neighborhood of a LHM slab derived from Eq.

(9). The fields are mapped for<Ox<4 cm, 0<z<3 cm, where
the LHM slab is the region &z=<1 cm. The results are for
=O,s=,u:—1—j2.01_3,h=1 cm,f=10 GHz, which result ingp
=-3.081° and|kp|/|ks|=229. For clarity, the vector component
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FIG. 9. Sketch of power flow along the free-space/LHM inter-
face provided by Eq(9). To emphasize the vector fields, we con-

sider herd?A| and |kp| of the same order of magnitude.

valley and down on the other side, akin to two antiparallel
“fluids.” The magnitude of the effect is measured by the

relative magnitudes dk,| and|kg|. For the dominant mode,
ko|/|ka| =229, i.e., the effect of the double time-harmonic
term(i.e., sir[Z(wt—?p -X)]) is negligible. This explains why
we do not observe significant power traveling crossways
along the valleys in Fig. 8. Importantly, time-harmonic Poyn-

ting vector fields obtained from theoTD simulations for the
finite grounded slab in Fig. 4 look very similar to the Poyn-

normal to the plane of the slab has been scaled by a factor of 5 Sfhg vector fields for the infinite one shown in Fig. 8.
as to be able to observe the power transfer across the interface. The To emphasize the overall structuiow) of these vector

backward wave in the slab is evident from the figure.

We now look at the power flow along the free-space/LHM
interface. By means of Eqg6) and (7), the time-varying
Poynting vector in free space can be written as follows:

N _ P _
P=E X H=| kpCoZ(wt — kp - X) + EAsir{Z(cot ~kp - X)]

Xe_kA'x_/wso, z>h.

9)

To illustrate the Poynting vector field from EQ), we fix the

time and the anglep. As an example fot=0, h=1 cm, f

=10 GHz, ance=u=-1-j0.03, the dominant mode is char-
acterized bypp=-6.789°. The corresponding Poynting vec-
tor field is presented in Fig. 8, where for conveniencexhe
com
of 5.
slab travels towards the source.

Equation(9) indicates that thd?A and?p components of

fields, we have sketched the general form of the regSylin

Fig. 9, a sketch that considers a scenario whiegeand kp|
are of the same order of magnitude.

C. Theoretical interpretation

The phenomenon of negative refraction indicates, upon
vector decomposition, that the normal components of the
Poynting vector are continuous across an air-LHM interface,
and that the tangential components of the Poynting vector
change sign as we cross the interface. The conducting sur-
face has a strong influence on the guided wave properties of
the structure; hence, negative refraction alone does not give
an explanation as to why the power in the slab flows towards
the source.

Some insight can be gained by considering the case of an

ponent of the vector field is again magnified by a factoklectrically thin layer. This is equivalent to a perturbation
The figure is clear evidence that the power within thefrom the perfectly conducting case, and we can mkke

=Ko+ ¢ for £<Kky. Using this in Eqs(3) and (4) results iné
~ (k3h?/2e%) (e~ 1)? and Xoé=¢?, from which after using

the Poynting vector field result in a field map consisting of ac=u=-1-jtan s, we obtain

succession of “hills and valleys.” At the location of the hills,

the power travels in the directions dictated by geometrical

optics. At the valleys, the situation is more complex, with

crossways power components going up on one side of the

3For brevity, we have not detailed explicitly the algebraically

ke = kd 1 = Zkohtan(8)1%],

~ - 2jh K3tan(d). (10

Since k,| <|kg|, it follows that propagation in the neighbor-
hood of a thin slab is well represented by a wave impinging

more complex field expressions for the slab interior, but these haven the slab from the free-space region at an angle

been included in the calculations.

tarm(£/k,) =~ —2hkitan(8), and traveling away from the
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source. In other words, the angle is proportional to the los$ation or a feedback loop exists, wherein the fields in the
tangent of the materigfor the case considered in Fig. 8, the vicinity of the free-space/LHM slab interface exchange
approximate angle is —3.12°, which agrees well with the nupower across the interface. For the case of a reasonably thin
merical value -3.081° shown in the figyreOn the other slab, this sustains a backward wave within the slab; for slabs
hand, the time-average power in thedirection inside the that exceed a wavelength in thickness, the power loop is
slab is given by%ReD“(-(Ex H")}, which can be shown to inverted, and the scenario is reminiscent of Pendry’s ideal
simplify to (k/2w)|H[?Re(1/¢). Sinces is negative, it is |€ns, with power in the slab traveling away from the source.
clear that the power inside the slab flows backwards toward§n€ transition from thin to thick slab behavior is not abrupt,
the source. Note that this effect could have been explaine@nd is due to the gradual appearance of higher-order modes
via negative refraction, provided we had used the knowledgd! the slab. Comparing these results with analytical expres-
that the wave is essentially grazing the surface. Aside frongions for an infinite grounded reasonably thin LHM slab con-
dissipative losses, such backwards power is provided by th&ms that(a) the power in the LHM slab travels towards the
effective wave impinging from the free-space side. It is also>0urce,(b) the dominant mode of operation is an almost
clear that in view of Eq(2), for electrically thin layers, the 9razing backward waveg) power in the free-space region
fields are not concentrated at the air-LHM interface, henc®rovides the energy for the power traveling towards the
we are not dealing with true polaritons. source in the slalyd) the fields above and in the neighbor-

As the thickness increases and becomes significant witgo0d of the slab are eminently plane wave in nature, imping-
respect to a wavelength, the solution will incorporate othet"9 towards the slab at an angle proportional to the electrical
guided-mode solutions of Eq¢3) and (4), and eventually, thickness and _th.e loss tangent of the s'Iab,(aB)ldhe energy
for larger thickness, a combination of higher-order modegiccumulates finitely towards the leading edge of the slab.
resembling Pendry’s lens fields will become dominant inside! Nese are all novel effects, not possible with ordinary mate-
the slab, inverting the state of affairs, i.e., the power insiddi@lS having the potential to be used to generate backward
the slab will be directed away from the source, while theWaVves in certain devices.
power right above the slab will flow towards the source, as
was observed in Fig.(b) for the case ba 5 cmslab con-
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