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Transformation of Surface Waves in Homogeneous
Absorbing Layers

Pyotr Y. Ufimtsey Fellow, IEEE R. T. Ling, and J. D. ScholleMember, IEEE

Abstract—Surface waves in homogeneous absorbing layers are B
studied. The transformation of surface waves into other types of
guided waves with frequency or layer's parameters variations is
analyzed. It is found that in absorbing layers the standing damped
surface waves do not exist anadontinuous transformationof sur-

face waves into leaky waves is forbidden. Surface waves can only Region 1 e=p=1
transform continuously into nonphysical waves with field strengths y=a \

increasing exponentially in both the direction of propagation and Region 2 £, H

in normal direction away from the layer into free-space. The fre- y=0  mrrRrrr T TR T T T T 2

guency at which surface waves transform into nonphysical waves

can be considered as cutoff frequency of surface waves. New andFig. 1. Absorbing layet0 < y < a) backed up by a perfectly conducting
more general definitions previously proposed by the authors for plane(y = 0).

the phase and energy velocities of guided waves are analyzed. It

is shown that these erlocities are identically equal to each othgr ocities, which were introduced in [6], [7], are analyzed in Sec-
and never exceed the light speed in free-space. Several new physica

phenomena are discovered. These are the upper frequency cutoff, ion II. It is shown that these velocities are always identically

its shifting to higher frequencies for materials with lower lossesand €qual to each other. Some general properties of guided waves
the merging of high TE wave modes. in the complex plane of the transverse wave number are con-
Index Terms—Absorbing media, electromagnetic surface waves. Sidered in Section I1l. They include the rotation of the Poynting
vector and all possible values of the phase and energy velocities
of guided waves. It is found that these velocities never exceed
the light velocity. Absence of standing damped surface waves
URFACE wave in homogeneous lossless layers is a clag-absorbing layers is demonstrated in Section 1V. Continuous
ical subject of the guided waves theory. Properties of sdfansformation of guided waves in absorbing layers is studied in
face waves in absorbing layers are not well known. Only r&ection V. Itis found that eontinuous transformatioof surface
cently have they been studied in details by the present autheidves into leaky waves is forbidden. Several new physical phe-
[1]-[7]. In particular, it was found that in absorbing layers, TMiomena are discovered. These are the upper frequency cutoff,
surface waves cannot propagate if the frequency exceeds itAghift to higher frequencies in materials with lower losses and
so-called upper cutoff frequency. At this upper cutoff frequende merging of fundamental and higher order TE modes. These
a TM surface wave becomes a regular plane wave incident pmenomena are described in Sections VI-VIII.
an absorbing layer at the Brewster angle. In this connection, we
recall that, in general, surface waves can be interpreted as inho-  Il. BASIC CHARACTERISTICS OFSURFACE WAVES

mogeneous plane waves incident on a flat guiding surface unde{yg consider surface waves in a homogeneous absorbing layer
the complex Brewster angle without reflection [6], [8], [9]. Theﬂ

I. INTRODUCTION

) ) aced on a perfectly conducting plane (Fig. 1). The thickness
complex Brewster angle is defined by of [6, eqs. (26)~(28)}¢ the |ayer is denoted by the letter its relative permittivity
Note also that in (42) of [6], an additional factor of 1/2 wag g permeability are and 1, respectively. A free-spade =
overlooked. Therefore, all expressions and numerical data for_ 1) is assumed to be above the layer. The wave number

the energy velocity presented in [6], except the definition (4 free-space is denoted &§ = w./Eoio = 27/)\o Where
must be multiplied by a factor of two. These corrections are pub-is the angular frequency of harmonic oscillations agds

lished in [7]. the free-space wavelength. The time dependerpé—iwt) is

In the present paper, we continue the study of surface wavgss;med and suppressed below. We consider both TM and TE

New and more general definitions for the phase and energy \gitace waves. The TM waves are described by equations
H, = eikl (y—a)ei,ﬁz7
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angle~, in Fig. 2 determines the orientation of the amplitude
front. This angle is given by

/377

ta a — 3 . 9

an -y, =N 9)
According to the first equality in (3),

/377 k/
tan -y, = I = j = —cotyp. (10)
The TE surface waves are described by similar equations.
Their field components above the layer > «) are

z E, = Czkl (yfa)ez,ﬁz

Fig. 2. Amplitude and phase fronts of the surface wave above the layer. H, = IgYOEw’ H, =— %YOE@, (12)
0 0

inside the layer (Region 2J) < y < «. In these equations, @nd inside the layef0 < y < a) they are

Zo = +/uo/eo is the impedance of the free-space. The com- sin(k2y) ;4.

plex quantitiest; = k| + ik”; andk, = kb + ik, are the e = me'

transverse wave numbers of the wave field outside and inside 8 ko

the layer, respectively. The complex quantity= /' + i/3” Hy = WYOE% H. = 'L@YoEaz cot(kay) (12)

is the longitudinal wave number, or the propagation constant,

These wave numbers are connected by the relations whereYo = 1/Z, is the admittance of free-space.
The wave numbers,, k2, 3 of TE waves also obey (3) and

42 =k, k3432 =kiep (3) (4).Butinstead of (5) for TM waves, they satisfy the dispersion
equation
through the Helmholtz wave equation. It follows that
kip = —iko cot(kza) (13)

k2 — k2 = k2(ep — 1). 4
2 — R olen —1) “) which can be written as

The H,, components from (1) and (2) are continuous on top of DTE(L. 3 = [ k2ep — 32 cot E2ep — 32
the layer(y = ). The F.-component satisfies the boundary (ko, /) _\/ oep — eo (a\/ oen — %)

condition on the perfectly conducting plafg. = 0 aty = 0) —ipy k2 — B2 =0. (14)
and its continuity on top of the layer= « leads to a transcen-
dental relationship Above the layer, the time-averaged Poynting vector of TE waves
contains the components
Fue = ik tan(fza). ©) = KL 2 e
This transforms into the dispersion equation 2“”;‘0
P o (15)
D™ (o, B) = \/ K2ep — 32 tan(a\/ ke — B2) 2wiig
Their ratio is given by (8) where the quantitiesand3 satisfy
+igy/ k§ — 32 =0 (6) (14). Thus, in the case of TE waves, the Poynting vector is also

perpendicular to the phase front.

In [6], [7] we introduced new definitions for the phase ve-
locity %, and the energy velocity. of TM and TE surface waves
above the layer . These velocities are perpendicular to the phase
front and directed toward the absorbing layer (Fig. 2). The phase
velocity is the speed of the phase front propagation. The energy
velocity is defined as the rati& = P/w, whereP is the power

with the substitutions ok; andk, from (3).

The time-averaged Poynting vectét = 1 RdE x H*]
points in the direction of the power flux. Above the layer it con
tains the components

Iﬂ;i Q[k” . .
—2[k"1 (y—a)+p" 2]
y c

2
C/U;O B flux density (the Poynting vector) and is the volume energy
P = 2—6_2[k Wly—a)+672] (7) density. According to [6], [7], the quantitia$, and 7, are de-
weo termined by the following expressions:
Their ratio equals 17_p ko .
/ c 32 { |2 P
PA-P) = -2 —tann, ®) VIR

K U _y ko +072 (16)
T2 2 27pP°
where~y, is the angle between the phase front and Akexis ¢ ko + [ka® + 1]

(Fig. 2). The Poynting vector of surface waves is perpendiculdsing the dispersion relatidi? + 5% = k32, one can show that
to the phase front and directed along the amplitude front. Thee energy velocitiy is identically equal to the phase velocity
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Fig. 3. The first Riemann shefiin(3) > 0].

(v = 4,). Itis necessary to emphasize the distinction in prir
ciple between our definition for the phase velocity and the co
ventional definition for the phase velocity* /c = z- ko /'),
which is accepted in the theory of transmission lines. Accordir 5
to our definition (16), the phase velocify is oriented under the
oblique angley, towards the layer surface in the direction _ _ _ o
while the conventional phase velociﬂy‘m is oriented parallel Fig. 4. The diagram of guided waves in the first Riemann sfieets) > 0].
with the layer surface in the directi@gn(Fig. 2). In the particular
case of lossless structurés’ = 0,k] = 0, 2, = %), the quan-

Yy
« 4
t

There is a common functional form for all possible guided
tity 7, determined by (16) exactly coincides wiitf™. There- waves in each Riemman sheet. All of these waves can be written

fore, our definition for the phase velocity (16) can be considerddthe formexp{'/i[ka(y —a) ¥ f'z] =K 1(y —a) — "z} Since
as a natural generalization of the conventional phase velocity {Bf Parameters;, k7, and/’ have different sign combinations

the case of absorbing guiding structures. Note also that our dBfvarious quadrants of the Riemann sheets, the guided waves in
inition for the energy velocity, is completely different from different quadrants have different physical properties. However,

the conventional group velocity,ouy = £ - dw/df’), which outside the open guiding structures, all of them are inhomoge-

is not applicable in the case of absorbing and dispersive guidiﬂﬁg,us plane waves.

structures. This is clearly shown in Fig. 23 of [6]. _T1gs. 4 and 5 _ShOW the wave diagram§ for the
first and second Riemann sheets. These diagrams ex-

plain the qualitative behavior of the wave amplitude
Aly,z) = exp[-k"1(y — a) — 3”2] as a function of the
The complex plane of the transverse free-space wave numbistancey from the layer and the distancealong the layer.
k1 = ki + k", is often used in the analysis of guided wave$hey also show the directions of the Poynting vector, which is
[10]-[13]. The longitudinal wave numbet = \/k3 — k? is always perpendicular to the phase fronts.
a single-valued function in the two-sheet Riemannplane We adopt the following terminology for guided waves in
with two branch cuts shown in Fig. 3. The upper branch cthese diagrams Growing waveg shown in the first quadrant,
starts att; = ko on the positive real axis, moves towards thecreaseexponentially in the direction of propagation along
origin and turns upwards along the positive imaginary axithe layer anddecreaseexponentially in the direction away
The lower branch cut starts &t = —k on the negative real from the layer. They can be excited in amplifying systems.
axis, moves towards the origin and turns downwards along threpassive lossless systems these waves always exist in pairs
negative imaginary axis. On these cuts, the imaginary partwith guided waves from the second quadrant and combine
the longitudinal wave number equals zerd im= 3” = 0. We into standing damped waves [10]-[12]. We consider these
assume In{/3) > 0 on the first Riemann sheet and Iffi) < 0 waves in more details belowSurface wave$ shown in the
on the second sheet. Note also that on the first Riemann sheetond quadrantlecreaseexponentially both in the direction
the real part of longitudinal wave number is negafié < 0) away from the layer and in the direction of propagation along
in the first and third quadrants and positi®¢ > 0) in the the layer. Nonphysical wavésn the third quadrantncrease
second and fourth quadrants (Fig. 3). On the second Riemaxponentially both in the direction of propagation along the
sheet,’ > 0in the first and third quadrants arff < 0in layer and in the direction away from the layeleaky waves
the second and fourth quadrants. in the fourth quadranincreaseexponentially in the direction

I1l. DIAGRAMS OF GUIDED WAVES
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away from the layer andecreasexponentially in the direction Fig.7. Rotation of the Poynting vector on the contour, which intersects branch
of propagation along the layer. The term “leaky” implies th&uts four times.
these waves transfer energy out of the guiding structure. All
these types of guided waves can be considered as analytigaitour, the Poynting vector rotates counter-clockwise and vice
continuations of surface waves in the complex plétlet”1).  versa. The closed contour indicated by the broken lines in Fig. 7
Note that the compleg-plane also can be used for analysis dhtersects the branch cuts four times. When the p@ifitk”; )
guided waves. However, it is less convenient than the complewves from the left half-plang] < 0) into the right half-plane
k;-plane because each Riemann sheet of#pane contains (k] > 0) along the horizontal lines, the Poynting vector rotates
only two types of guided waves. Its first shéén(k;) > 0) counter-clockwise. The sense of the Poynting vector rotation is
contains only the surface and growing waves, while the secomot constant on the vertical lines of the contour. For example,
sheet(Im(k1) < 0) contains only the nonphysical and leakyalong the left vertical line in Fig. 7, the Poynting vector ro-
waves. In contrast to this, each Riemann sheet of the comptates clockwise before the poiit; , £”1 ) in the second quadrant
k1-plane contains all four types of guided waves. moves down and intersects the real axis. In the third quadrant,
Some interesting features of guided waves can be seen fritve Poynting vector rotates counter-clockwise after the point
the these diagrams shown in Figs. 4 and 5. Let us considéf, k") crosses the real axis and moves down. However, the
closed contours in the complex plafig , ©” 1) that intersect the total angle of rotation in each direction does not exceed 45
branch cuts. Symbols 1RS and 2RS denote the respective qu&d-do not consider here the behavior of the Poynting vector on
rant in complex plane belonging to the first or second Riemmaiosed contours which do not cross the branch cuts since it is
sheet. Figs. 6 and 7 show the orientations of Poynting vectdearly shown in Figs. 4 and 5.
along closed contours indicated by broken lines. These con-According to (16), moduli of the phase and energy velocities
tours in general can have arbitrary shapes. For simplicity, vaee functions symmetrical with respect to #{e and” ;-axes.
have chosen the square contours. In these figures we assifumerical calculations show that these velocities do not ex-
that Poynting vector is expressed in Cartesian coordingteseed the light velocity anywhele,, . < ¢). They are close to
andz oriented along axek”; andk, respectively, as defined the light velocity near the origin in thg;-plane and then de-
in Figs. 4 and 5. The contour in Fig. 6 intersects the branchease as the poirk;, £” ;) moves away. At a distance =
cuts twice. As the pointk{ , k”1) moves along the contour, the /(' /ko)2 + (k7 /ko)? ~ 10 from the origin, the moduli of
Poynting vector undergoes a rotation. The sense of this rothe phase and energy velocities approach values of the order
tion is opposite to the sense in which the pdikit, £ 1) moves ¢ - 10~2. Using the dispersion equatidf + 32 = k2, one can
along the contour. When this point moves clockwise along tiskow that\//3'2 + k{2 > ko. Therefore, according to (16), we
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have#. , < ¢. This means that all guided waves presented ifhus, the dispersion equation for the wave numbers ireside
diagrams in Figs. 4 and 5 are slow waves. sorbinglayers [whenlm (3°*) > 0] is violated. Therefore,

It is to be noted that diagrams in Figs. 4 and 5 relate &ianding damped waves cannot existin homogenaosisrbing
any guiding structures homogeneous in the planes const layers. It is clear also that such waves can exist only in those
(Fig. 1). However, their constitutive parameterand ;. can guiding structures where the dispersion equafititg, 3) = 0
depend arbitrarily on the coordinate In particular, such remains valid whems is replaced by —/3*).
guiding structures can consist of arbitrarily stratified material.

V. CONTINUOUS TRANSFORMATIONS OFSURFACE WAVES IN

IV. ABSENCE OFSTANDING DAMPED GUIDED WAVES IN
ABSORBING LAYERS

HOMOGENEOUSABSORBING LAYERS
As it is well known [10]-[12] for lossless structures, the On the complex plane of the transverse wave number, contin-

growing guided waves from the first quadrant on the Wa\}éoystransformation of surface waves megnsamovement of the
diagrams (Figs. 4 and 5) always exist in pairs with surfad@'nt(kll’kwl) fr_o_n_1 the second quadrant |_nto other quadrants
guided waves from the second quadrant. These pairs fofhd- 8)- A possibility of these transformations depends on the
standing damped waves excited in the vicinity of a fieltyave beh_awor at the transition points A B, C, and D. At point
source. As it is mentioned in [10]-[12], this type of waved which lies on the upper branch cut, i.e., on the boundary be-

does not exist in lossy structures. This is proven below for afjfeen the firstand second quadrants in the first R|embm/an sheet,
fhie surface wave transforms into the wawe(—k" 1y +if'z),

homogeneous absorbing layers. In the region to the right of the" _ / .
SOUFCE(z > Zsouree), the standing wave can be representeWh'Ch propagates along the layer without attenuation. This wave
as the sum cannot exist in absorbing layers, therefore, the transformations
of surface waves into growing waves is forbidden.
u = S I, (17) Next, let us consider the possible transformation of surface
waves into leaky waves. Such a transformation implies the tran-
Here sition of the point(k{, £”1) from the second quadrant into the
, , , fourth quadrant through the point B whetg= 0 andj3 = kq.
u™ = expli(kyy + 572)] (18) At this point, the surface wave transforms into the plane wave
exp(ikoz), which propagates along the layer without attenua-
tion. Again in absorbing layers such a wave cannot exist. There-
fore, in absorbing layers, the direct transformation of surface
w9 = expli(k{"y + B9%2)] (19) waves into leaky waves is forbidden.
is the growing wave with the wave numbeig’™, 39} from It is of interest to note that the TM surface waves ir) Ios_s-
. . . less plasma layers can be continuously transformed, first into
the first quadrant in the same Riemman sheet. These two Wat eesgrowing waves and then into leaky waves when the wave
»** andu9* can form a standing damped wave only in the ca%a

when their wave numbers satisfy the following relationships: equency Increases from zero to infinity. In particular, growing
waves transform into leaky waves when the wave frequency ex-

ESY = —(k7)*, B9 = —(B7)" (20) ceeds the plasma frequency. This follows from in [10, fig. 16]
where the symbal- - -)* denotes the complex conjugate. In adz_:\_nd [11, fig. 3], if we use our classification of guided waves in
" s F|Ig. 4 of the present paper. However, as shown above for ab-
dition, the wave numbers related to the region inside the layer; . . " .
must satisfy the equation sorbing layers, the continuous transition of the p(ﬁ_i’qt, k’1) _
from the second quadrant (with surface waves) into the first
k5" = k3", (21) quadrant (with growing waves) is forbidden. Therefore, in ab-

All these wave numbers must also satisfy the dispersion eql%?_rbmg layers this type of continuous transformation of sur-

tions (3)—(6), (13), and (14). Let us check the validity of (3) fof ce waves into leaky weaves through the intermediate stage of
’ ' . growing waves is also forbidden.

Transformation of surface waves into nonphysical waves
means the transition of the poigk],%”;) from the second

(B9 4+ (899)2 = [(k3)*]? + [(5°)*]? guadrant into the third quadrant (Fig. 8). This transition can

=[(E3“)]* + [(B°°)?]* = k2. (22) occur through the point C or D. Point C lies on the lower

, ) ] . ~ branch cut while point D is beyond the branch cut. At the

Thus, the wave numbetg™ and37* satisfy the first dispersion point C, the surface wave transforms into the regular plane

is the surface wave with the wave numbgtg”, 3°*) from the
second quadrant in the first Riemman sheet (Fig. 4) and

wave number&?” k5 andp9*. Starting with the equation for
the wave numbers!" and39, we have

relation in (3). o _ _ wave expli(kiy + /z)] incident on the layer under the
Letus next check the validity of the second dispersion relatig}ewster angle without any reflection. At the point D, the
in (3) surface wave transforms into anhonogeneous plane wave

(k)2 + (57 = (3*) + [(87)"]? exp(—ilki1|y—B"%). The amplitu_de of this wave exponentie_llly
(B39)2 + [(B™)2]F = (k)2 + ()2 d_ecre_ases along the layer Wh_lle the wave _propagates in the
2 2 direction normal to the layer. Since nonphysical waves cannot
+[(B) = (57)? exist, the arrival of the poin{k},4”1) into the transition
=k3ep — 2 Tm [(87)?] # kjep.  (23) points C and D can be interpreted as a cutoff phenomenon. For
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Fig. 9. Constitutive properties of sample material (constant relativeig. 11. Trajectories of the transverse wave number of fundamental TE guided
permittivity: ¢’ = 20.45,¢” = 0.73). waves in absorbing layers. The oscillation frequefity= c- ko /27) increases
from the bottom to the top along each trajectory.

example, if the movement of the poi(t;,%”) is due to the
frequency Change, the frequency at the points C and D can bg|g 11 illustrates the transformation of TE surface waves. In
interpreted as a cutoff frequency of surface waves. this figure, the pointky, £”1) moves from the second quadrant

It is to be noted that the waves transformations describ8t0 the third quadrant through the point D beyond the branch
above and illustrated in Fig. 8 relate to any absorbing strafut (Fig. 8) when the frequency decreases. Therefore, the fre-
fied guiding structures for both TM and TE types of guide§uency at which this point crosses the real d%isan be inter-
waves. In the following, we present numerical data that illugreted as the usual lower cutoff frequency.
trates the cutoff phenomenon in homogeneous layers. This data
was obtained with the numerical solutions for dispersion equgy
tions (6) and (14) using the Muller’s method [14]. All calcula-
tions were performed for an actual commercially available ma- A new physical phenomenon, so far unknown, concerns an
terial with constitutive parameters shown in Fig. 9. Such matepper frequency cutoff for TE waves. It is shown in Figs. 12
rials are widely used as microwave absorbing coatings. and 13. The TE surface waves (with < 0,k” > 0,3 > 0,

Transformation of TM surface waves into nonphysical wavesd 3/ > 0) shown in these figures can propagate only in
through the point C (Fig. 8) is illustrated in Fig. 10 for absorbinfjnite frequency bands. The lower boundary of these bands is
layers with thickness: ranging from 0.05 to 0.09 inch. Thethe usual lower cutoff frequency and the upper boundary is the
oscillation frequency f = w/2r = cko/2n) ranges from 2 upper cutoff frequency. In contrast to the case of TM surface
GHz at the upper end of each trajectory in Fig. 10 to 18 GHyraves, no specific values of the phase and energy velocities are
at its lower end. The frequency, at which the wave number trisherent for upper cutoff frequencies.
jectory crosses the real axi$ can be interpreted as the upper Let us numerate the curves on Figs. 12 and 13 in the order of
cutoff frequency. This phenomenon has been also describedinereasing frequency. It is obvious that all curves with numbers
cently in [6]. As shown above, at this frequency the TM sumhigher than one relate to high-order modes. The mode related to
face waves transform into regular plane wave incident on tkiee first curve can be conditionally considered as fundamental.
absorbing layer under the real Brewster angle. We cannot state that this is exactly a fundamental mode because

AN UPPERFREQUENCY CUTOFF OFTE SURFACE WAVES
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complexk; -plane shown in Fig. 4.

3 -
900 WW
800 | yd 20 o
700 | - 1k o
kg - -
. oo e Looor -
T 50| & i - ’
2 400l e S -
5 .1" M”‘ \E, ok ;/-
E 3007 ,-'"' = /
200 | {; ¢ ’__,.-‘ -3+ /
100 | -4l
0 I Adaas! A“ 5 - il L L L L I L L !
100 L . ‘ . . ; , : ‘ ; ! 3 s 7 9 1t 13 15 17 19
1 3 5 7 9 11 13 15 17 19 frequency (GH2)
frequency (GHz)

Fig. 15. Dispersion curves of TE wave modes in the absorbing layer with

Fig. 13. Dispersion curves of TE surface waves in the absorbing layer Wiﬁnsntutlve parameters shown in Fig. 9 . The layer thickness equals 0.075 of

constitutive parameters equal to 4.8nd 1.2:, wheres andu are shown in
Fig. 9. The layer thickness equals 0.30 of inch. The transverse wave numbers of
these waves are located in the second quadrant on the first Riemann sheet in
complexk -plane shown in Fig. 4.

we do not have the data for the constitutive parametersd;.
at frequencies lower than 2 GHz. It may be that this mode als 0 IVt 0
belongs to high-order modes. B

Note also that the lower and upper cutoff phenomena for Tt
surface waves shown in Figs. 12 and 13 do not relate to the tra
sition of their wavenumbers from the second quadrant into othe
guadrants or other Riemann sheets in the compleplane.
Such transitions were not revealed in the numerical investige
tions of these waves. However, these transitions were obtaint
for surface waves in a thinner layer and they are shown belov.

in Figs. 15 and 16. 16. Trajectories of the transverse wave number of those TE guided
The data in Fig. 12 relate to the actual absorbing layer Wlmaves which are shown in Fig. 15. The layer thickness equals 0.075 of inch.

electromagnetic parameters given in Fig. 9. The data in Fig. @nstitutive parameters of the layer are given in Fig. 9. The directions at which
relate to the hypothetical absorbing layer which permittivity a ' %\f’vffg')‘f‘g?r”oxiq“encw = ¢+ ko/2) increases along each trajectory are
permeability are 120% of original values given in Fig. 9. Note

that the Kramers—Kronig relations are invariant with respect to

a constant factor and allow multiplication efand ;; by any VII. MERGING OFHIGH TE WAVE MODES

constant real number. This property of the Kramers—Kronig re- From observation of Figs. 12 and 13 it appears that the ends
lations is also used in the next section. of neighboring trajectories tend to approach one another when
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Fig. 17.  Attenuation constants of TM surface waves in layers with constitutiygy, 18.  Attenuation constants of TM surface waves in layers with original
parameters equal to 120% of originaindy, shown in Fig. 9. andy, shown in Fig. 9.

e andy increase. In Fig. 14, it is seen that four trajectories o
surface waves merge into one related to the fundamental mo 201
(with ¥, < 0,k > 0,8 > 0,andg” > 0) when the

layer's permittivity and permeability reach 135% of original

—— 005" loyer

4 0,06" layer
~u-- 0.07"layer
--+-- 0.08" loyer
—e— 0.09" layer
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values given in Fig. 9. This is a newly discovered phenomenor & or
As with the upper frequency cutoff, it may have diverse practica E 'y
applications. In particular, it can be used in the design of mi = o} *
crowave devices with an extended single-mode frequency ban % | | ‘._
s | e i
VIII. L EAKY WAVES g 10 R Yl

Fig. 15 shows the dispersion characteristics of TE waves in

layer with 0.075 in thickness and with the original permittivity -0 L
. . . . . 1 3 5 7 9 11 13 15 17 19

and permeability;, given in Fig. 9. The upper and middle frequency (GHZ)
curves represent the first (fundamental) and second modes,
respectively. The lower curve relates to the leaky wave. Thig. 19. Attenuation constants of TM surface waves in layers with constitutive
becomes clear from Fig. 16 where the dispersion characteristiggameters equal to 80% of originaandy., shown in Fig. 9.
of the same modes are displayed in the compleplane. The
directions at which frequency increases along dispersionface waves into nonphysical waves happens at the upper cutoff
trajectories are indicated by arrows. The left trajectory relatéequencies. Fig. 17 contains the dispersion curves for layers
to the second mode. The central trajectory relates to the fivgith the hypothetical material whose constitutive parameters are
(fundamental) mode. The frequencies at which these t@@0% of originale and.:, shown in Fig. 9. In Fig. 18, we have
trajectories intersect the real axis are the usual lower cutoff fite dispersion curves for layers with origiradnd,:. In Fig. 19,
quencies. The right trajectory in Fig. 16 is located in the fourtihe constitutive parameters are equal to 80% of original values.
guadrant of the first Riemann sheet in Fig. 4 and representsVa recall again that multiplication of constitutive parameters by
leaky wave. The left end of this trajectory represents the uppaary positive constants does not violate the Kramers—Kronig re-
cutoff of the leaky wave. lations. Comparison of these figures clearly shows that the upper

Fig. 16 shows a continuous transformation of surface wavestoff frequencies increase when the absorbing layers become
into nonphysical waves. However, changes of frequency aless lossy. The same observation follows from the comparison
thickness of the layer with parametersind . given in Fig. 9 of the dispersion curves for TE surfaces waves in Figs. 12 and
do not reveal a continuous transformation of nonphysical wavés. This observation suggests the following idea: surface waves
into leaky waves. Other changes of thickness gngd may re- in all materials may have the upper frequency cutoff, but this
veal such a transformation. cutoff happens at very high frequencies for materials with very

low losses. This may explain why the upper cutoff phenomenon
IX. SHIFTING OF THE UPPERCUTOFF TOHIGHER FREQUENCIES Was hot discovered in common materials with low losses which
IN MATERIALS WITH LOWER LOSSES are used in transmission lines and microwave devices.

Another interesting phenomenon is illustrated in Figs. 17-19,
with dispersion curves for TM surface waves in lossy materials.
In these figures, the positive values of the attenuation constanfransformation of guided waves in absorbing layers has been
#" = Im () relate to propagating surface waves while thiwvestigated in the previous [6] and present papers. Characteris-
negative values to nonphysical waves. Transformation of stics of TM waves in such layers were studied in paper [6]. Gen-

X. CONCLUSION
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eral properties of TM and TE guided waves in absorbing layergl4] w. H. Presgtal, Numerical Recipes in FORTRANCambridge, U.K.:
are the subjects of the present paper. It is shown that all waves = Cambridge Univ. Press, 1992, p. 364. ' '
ided b h bsorbi | | ] G. W. Hanson and A. B. Yakovlev, “An analysis of leaky-wave disper-
gui .e y any homogeneous a sor 'n_g ay_ers are slow wav sion phenomena in the vicinity of cutoff using complex frequency plane
Their phase and energy velocities are identically equal to each  singularities,”"Radio Sci.vol. 33, no. 4, pp. 803-819, July/Aug. 1998.
other and always less than the light speed. It is also found th&t6] A.B. Yakovlevand G. W. Hanson, “Mode transformation and mode con-
. hi th fi t f ti f f tinuation regimes on waveguiding structures,” IEEE Trans. Microwave
in such layers the continuous transformation of surface waves  theory Tech., to be published.
into growing and leaky waves is forbidden. New physical phe-
nomena are discovered. These are the upper frequency cutoff
for TM and TE surface waves, the shifting of the upper cutoff
to higher frequencies in materials with lower losses, and tl
merging of high order TE wave modes.

The present paper supplements extensive publications on
alytical investigations of dispersion equations. These investic
tions show that transformation of guided waves is determin
by analytical properties of dispersion equations in the vicinit
of some critical and singular points such as fold points, Mor:

; i Moscow Aviation Institute, Russia, in 1987.
points, and branch p(_)lnts. Relevant ref_erences can be founc In 1990, he was a Head Scientiet at the Institute of
[15] and [16]. Extension of such analytical techniques for re@hgio Engineering and Electronics of the USSR Academy of Sciences, Moscow,
absorbing and dispersive materials is very attractive but it seeRssia. In 1990 he was invited to join the University of California at Los Angeles
to be difficult (UCLA). Currently, he is an Adjunct Professor at UCLA and a Principal Engi-

' neer at Northrop Grumman Corporation, Pico Rivera, CA. He is the founder of
the Physical Theory of Diffraction which is widely used in antennas design and

radar-cross-section calculation. In particular, this theory was used in the design
of American stealth aircraft and ships.
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