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Abstract—The time-domain studies of the modal fields in a lossy
waveguide are executed. The waveguide has a perfectly conducting
surface. Its cross section domain is bounded by a singly-connected
contour of rather arbitrary but enough smooth form. Possible
waveguide losses are modeled by a conductive medium which fills
the waveguide volume. Standard formulation of the boundary-value
problem for the system of Maxwell’s equations with time derivative
is given and rearranged to the transverse-longitudinal decompositions.
Hilbert space of the real-valued functions of coordinates and time is
chosen as a space of solutions. Complete set of the T E-time-domain
modal waves is established and studied in detail. A continuity equation
for the conserved energetic quantities for the time-domain modal waves
propagating in the lossy waveguide is established. Instant velocity of
transportation of the modal flux energy is found out as a function of
time for any waveguide cross section. Fundamental solution to the
problem is obtained in accordance with the causality principle. Exact
explicit solutions are obtained and illustrated by graphical examples.

1. INTRODUCTION

Classical waveguide theory started from the pioneering Lord Rayleigh’s
article [1]. Since then, during more than a century, almost all
theoretical studies were based on the time-harmonic field concept
which was put forward in [1]. A lot of useful results were obtained
within the framework of the time-harmonic field concept and were
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successfully applied to numerous problems in physics and technology,
see [2-5] among many other outstanding publications.

In the time-domain studies, the Maxwell’s equations with time
derivative were altered (in one way or another) to the Klein-Gordon
equation (KGE) well known earlier in quantum physics [6]. Probably,
Schelkunoff was the first who altered the time-domain waveguide
problem to solving a generalized telegraphist’s equation which is
reducible, eventually, to the KGE as well [7,8]. To the best of our
knowledge, Gabriel was the first who derived the KGFE directly from
the Maxwell’s equations with time derivative in [9]. More or less regular
studies of the time-domain waveguide problems were started at the end
of 80s, see [10-19]. One can find many other essential results in the
publications referenced there.

In the time-harmonic theory and in the time-domain studies,
as well, appropriate class of complex-valued quadratically integrable
functions is specified as a space of solutions. Definition of that space
is usually made by introducing an inner product of the field vectors
with applying complex conjugation to one of the multipliers. Hence,
the energy flux and the stored energy densities can be obtained with
automatic averaging these quantities over a period of variations of the
fields in time. Similar problems arise in any time-domain approach if
the space of solutions belongs to the complex-valued functions.

The goal of this article is solving the time-domain waveguide
problem in a class of the real-valued functions. Therefore, this
approach enables to study various dynamic processes, which are
pertinent to the electromagnetic fields and also to their energetic
characteristics. The article is composed as follows.

In Section 2, standard formulation of the time-domain problem
is presented. In Section 3, the system of Maxwell’'s equations
with time derivative is transformed by the transverse-longitudinal
decompositions to a form convenient for analysis just in the time
domain. In Section 4, a complete set of the T E-time-domain modes
is derived. Every modal field component consists of two factors. One
factor is a vector function of transverse waveguide coordinates, r. The
other one is a scalar function dependent on axial coordinate, z, and
time, . The vector functions of r-variables, taken jointly, originate
a modal basis in the waveguide cross section. The basis elements are
derived with needed physical dimensions, namely: (volt per meter) and
(ampere per meter) for the electric and magnetic fields, respectively.
Meanwhile, the scalar factors dependent on (z,t) are dimensionless.
They have the physical sense of the modal amplitudes. Present theory
is intended for real-valued solutions. In Section 5, conservation of
energy law is considered. A continuity equation is derived for the
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conserved energetic field quantities averaged over the waveguide cross
section. Instant velocity of transportation of the modal field energy as
a function of (z,t) is obtained. In Section 6, evolutionary equations
for the modal amplitudes are obtained. In Section 7, verification
of present theory is performed via applying that to analysis of the
time-harmonic modes in the class of real-valued functions. The time-
harmonic mode properties, which were established by the classical
theory, are corroborated by our theory. However, the real-valued
solutions disclose also some new properties, which were inaccessible for
the classical approach. In particular, it turns out that propagation of
time-harmonic modal fields, as such, is accompanied with a dynamic
energetic wave process. In Section 8, fundamental solution for the
time-domain modal waveguide wave is obtained in compliance with
the causality principle. In Section 9, possible extension of the theory
and applications of the results are discussed.

2. FORMULATION OF THE PROBLEM

2.1. Description of the Waveguide and Notations

The waveguide under study has a surface with the properties of the
perfect electric conductor. The waveguide cross-section domain, S, is
bounded by a closed singly-connected contour, L. The shape and size
of the contour, L, are invariable along the waveguide axis, Oz. The
shape of L may be rather arbitrary provided that none of the possible
its inner angles (i.e., measured within S) exceed m. In particular,
the standard waveguides with rectangular cross section satisfy this
requirement. Introduce over the contour a right-handed triplet {z,1,n}
of the mutually orthogonal unit vectors supposing that z x 1 = n. The
vector z is oriented along the axis, Oz, the vector 1 is tangential to the
contour, L, and n is the outer normal to the domain S. Denote a point
of observation within the waveguide by a three-component vector R
and an observation time by ¢.

The waveguide is filled by a lossy medium. For the sake of
simplicity, suppose that the relative permittivity and permeability,
and p, of the medium are equal to 1 both, but its linear conductivity,
o, may be distinct from zero. The case o = 0 corresponds to the hollow
waveguide studied in [18]. The current density, 7, which is induced by
the waveguide field, &, in the conducting medium is specified by the
Ohm’s law as J = o €.



408 Tretyakov and Kaya

2.2. The Set of Equations

We have to solve the curl Maxwell’s equations

VxE(R,t) = —ppdH (R, t), VXH(R,t) =& (R, 1)+ & (R,1)
(1)

where the calligraphic letters represent the time-dependent field

vectors, & and H, which specify the electric and magnetic-field

strengths. Vector Equation (1) should be solved simultaneously with

the divergent equations, i.e.,

V- -ER,t)=p[R,¢) and V-H(R,t)=0 (2)

where p is the electric charge density induced by the field £ in the
medium. Making use of the continuity equation, that is,

V-TJR-t)=-0pR-1), 3)
one can find a relation between p and £ as
t
p(R-t) = —a/ V-E(R,Y) dt'. (4)
0
The field vectors should satisfy the boundary conditions as
n-Hjp=0, 1-&,=0, and z-&|p =0 (5)

over the perfectly conducting waveguide surface.

The Maxwell’s Equation (1) belong to the hyperbolic type of
the partial differential equations (PDE). Consequently, they can be
supplemented with the initial conditions given at a fixed instant (say,
t = 0) and/or with an additional boundary condition given at a fixed
axial coordinate (say, at z = zp) in accordance with physical content
of a problem under study. Besides, the problem should be solved in
compliance with the causality principle.

The physical postulate that the electromagnetic field energy is
always finite requires to find out a desirable solution to problem (1)
(5) in a class of integrable vector functions of coordinates and time.

2.3. Remark

The free-space permeability and permittivity constants, pg and € in
(1), carry SI units, respectively, as 47 x 107" Hm™! (henry per meter)
and 8.854187817x 1072 Fm ™! (farad per meter). The constant o in (1)
is linear conductivity measurable in Sm™"' (siemens per meter). The
electric current and charge densities, J and p in (3), carry SI units,
respectively, as Am~2 (ampere per meter?) and Cm™> (coulomb per
meter?). The electromagnetic field vector quantities & and H sought
for are measurable in V™! (volt per meter) and Am™! (ampere per
meter), respectively.
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3. TRANSVERSE-LONGITUDINAL DECOMPOSITIONS
The position vector, R, and the operator nabla, V, are presentable as

R=r+zz and V=V, +z0, (6)

where r and V| are the projections of R and V, respectively, on the
cross-section domain, S. The field vectors, £ and H, are presentable
analogously as

ER,1)=E(R,t)+z E. (R,t) and H(R,t)=H (R, t) +z H.(R. ) (7)

where the two-component vectors, E and H, are the projections of
the vectors £ and H on the domain S, respectively. Notice that the
argument (R, t) of the three-component vector functions, £ and H,
and their projections in (7) is equivalent to the argument (r, z,t) .

Projecting of the Curl Equations (1): Denote for a while
the field vectors, £ and H each, as a three-component vector function,
F =F+zF,, dependent on (r, z,t) . Formally, the curl vector, V x F,
is

[VxF|=(V, +20;)x(F+2z F,)=[V x F]+ [V x2F,] + 0, [z X F})

(8
where the transverse operator nabla, V|, acts only on the transverse
variables, r, in the argument (r,z,t) of the functions F and F,
both. Simple manipulations with projecting the vector (8) yield
the transverse and longitudinal parts, [V x F], and [V x F],,
respectively, of the curl vector as

(VxF), =[VixzF.]4+0,[zxF] and (VxF), =V -[F xz] (9)

Applying formulas (9) to the first equation from (1) results in one
two-component vector equation, (10a), and another scalar one, (10b)
namely:

[VIE, xz]|+ 0,z x E] = —puoH (10a)
V., [zxE]=puoH, (10b)

where the identity [V x z E,] = [V E, x z| was used in passing. The
same manipulations with the second equation from (1) yield a similar
pair as

[VIH, xz]+ 0,z x H = ¢¢0,E + cE (11a)
Vi -Hxz]=€E,+0cE, (11Db)
Notice that the set Equations (10)—(11) is equivalent to Equation (1).
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3.1. The TE- and T M-modal Field Problems

Compose two problems from the Maxwell’s Equations (10)—(11), (2)-
(4) and the boundary conditions (5) in the following way. All
equations, in which the H,-component participates, we refer to the
set (12). In the position (12a) the vector equation (1la) is placed.
Before placing, we multiplied that vectorially from the left-hand side
by zx. In the position (12b), the scalar equation (10b) stands. In the
position (12¢), the second divergent equation from (2) stands in the
appropriate form. The positions (12d) and (12e) are occupied by the
boundary conditions taken from (5).

ViH,=0H+ €0 [z x E]+0 [z x E] (12a)
,U,oatHZ = VJ_ : [Z X E] (12b)
0.H,=-V,-H (12c¢)
n-H|, =0 (12d)
1-E|L =0 (12e)

We take now the vector Equation (10a), multiply that by zx and
place the result in the position (13a). In the position (13b), herein, the
Equation (11b) stands. In the position (13c), an evident combination
of the first divergent equation from (2) and the definition (4) for p is
placed. In the lines (12d), (12e) and (12f), the boundary conditions
(5) are repeated.

V,E,=0.E+ noo; [H x z] (13a
OB, +0E, =V, -[H X 2] (13b

Elp=0 13d
1-E|,=0 (13e
n-H|j, =0 (13f)

Notice that the problems (12) and (13), taken jointly, are
completely equivalent to the Equations (1)-(5) from the original
formulation of the problem.

Similar transverse-longitudinal decompositions were used previ-
ously in study of the time-harmonic fields with dependence on time
given in advance as exp(iwt); take for instance [5]. One can consider
the sets (12) and (13) as an extension of those decompositions to a
form available for the time-domain analysis.

In this article, we solve the problem (12) for a set of the modal

fields like
E=FE(r,z,t)=¢&, and H=H(r,2,t)+2zH, (r,2z,t)=H (14)

)
)
t t
anzEZ-i-O'/ 8zEzdt’ =—V,  -E+ / V- Edt (130)
0 0
(13d)
)
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each of which has E, component equal to zero. In the waveguide
theory, it is adopted to name the fields like (14) as transverse (with
respect to Oz-axis) electric ones, or the T E-fields, shortly!.

Proceed to solving the problem (12) in the class of real-valued
quadratically integrable vector functions of coordinate and time. One
can receive evidence in what follows that the real-valued solutions are
much simpler for physical analysis, especially in respect of the energetic
field properties.

4. COMPLETE SET OF THE TE-TIME-DOMAIN
MODES

4.1. Derivation of a Vectorial Modal Basis

The boundary condition (d) from (12) suggests taking the transverse
field component composed as

H (r,2,6) = ' (1) [ug 3 quz(r)] (16)

where the potential, ¥, and the amplitude factor, I’, are unknown yet
1

and should be found out further on. The physical constant, M(; 2,
was inserted in (16) heuristically in order to provide the field H’
with the required physical dimension (ampere per meter) hereinafter.
Substitution of the field (16) to that boundary condition yields

n-V,¥(r)|=0Y(r)|=0. (17)

If the boundary condition n - H'|;, = 0 holds, the boundary
condition (12e) should hold automatically. To this aim, the field E’
can be taken as

_1
E' (r,z,t) =V'(2,t) |2V, (r) x z (18)

where V' is one more amplitude factor which should be found out
1

hereinafter. The factor €, 2, which is introduced in (18) heuristically,
will provide the field E’ with required physical dimension (volt per
meter) in the end. Notice that identity [V ¥ (r) x z|-1 = [z x 1] -
V¥ (r) =n-V,¥(r) holds. This results in the boundary condition
(17) again.

T Problem (13) yields the set of T'M-time-domain modal fields as
H=H"(r,z,t)=H", and E=E" (r,2,t) + z E; (r,2,t) = &". (15)

This problem will be solved and analyzed elsewhere because of lack of space herein.
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Introduce into consideration H,-component in the form of

H (12,0 = A1) 120 0) (19)

where A is the last amplitude factor unknown yet. Substitution of
the field components (16), (18) (19) to the Equations (12b) and (12c)
yields

DA (2,) [W (r)] = — V' (2,t) [~V ¥ (r)]
A (2,t) [T (x)] = I' (2,t) [-V3 ¥ ()]

where 0, = \/€opo0;, identity [zx[V ¥ x z]] = V¥ was used in
passing.

The boundary condition (17) itself along with presence of
the factor [-V3¥] in Equations (20) both induces to take into
consideration the Neumann boundary eigenvalue problem for the
transverse Laplacian, Vi, formulated as

V32U, (r) + 120, (r) =0 and n-V_ VU, (r)|[,=0 (21)

where 12 > 0 are the eigenvalues, n = 1,2,..., and ¥, are the
appropriate eigensolutions. Besides, number l/g = ( is also eigenvalue
of the operator V2 which has an eigensolution, ¥y (r), distinct from
zero in the general case. We shall take into account this fact at the
end of the T'E-field analysis.

The differential equation and the boundary condition in (21) are
homogeneous, i.e., their right-hand sides are equal to zero. Hence, the

solution, ¥, (r), can be factorized as
|0 () = Njoa (v) | (22)

where N, is a normalization constant and 1, (r) is a dimensionless
solution to the same Neumann problem, namely:

Viwn (r) + 29, (r) =0 and n-V 9, (r)|, =0. (23)

(20)

Keeping in mind physical content of the problem under study,
introduce a normalization condition in a special form as

W)* (v2/8) [g ltn (¥)ds = N (24)

where S is the cross-section domain, N is newton (the physical
dimension of force). Evidently, N , has the same physical dimension
as the product VglN%. Notice that the Helmholtz equation in (23)
yields the quantity v, with dimension m~! (inverse meter) as far as
the Laplacian, Vi , has dimension m~2 in SI units.
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The set of eigensolutions {1, (r)},~ is orthonormal and complete
in appropriate Hilbert space what follows from Sturm-Liouville
theorems. In other words, this set originates an orthonormal basis
in that space of quadratically integrable functions.

The set of normalized solutions, ¥,, (r), generates the set of T'F-
time-domain waveguide modes via choosing the eigenfunctions, V¥,
as the potential ¥ introduced above. Substitution of ¥,, as ¥ and
[-V3¥,] as 12, to (20) yields

Vi (2,t) = —=0et hyp (2,t) and I}, (2,t) = 0. hy, (2,t) (25)

for the eigenvalues 12 # 0. It is convenient to scale the amplitude
factor, A,, as

Ap (2,1) = V2 by (2, 1) (26)

where a new unknown function, h,, is introduced instead of A,.
Substitutions of ¥, as ¥, and v2 h, as A, to formulas (16), (18),
(19) result in

E) (r,2,t) =V, (2,1) |:€0 v, V1, (r) x z]

(NI

H, (r,2,t) =T/ (2,t) [uoé v V1, (r)] (27)

_1
2

H.p(r,z,t) = h,(2,1) [Mo V2w, (r)}

where the modal amplitudes, V! and Z,,, are specified via partial
derivatives (25) of the function h,, (z,t) scaled by a factor, v, !, what
yields

VI (z,t) = =0y, ct hn (2,t) and I (z,t) = Oy, » hy (2,1) . (28)

Notice that only one function, h,, remains unknown herein. One
can consider as already known all functions of the transverse
coordinates selected by square brackets in (27). They are specified
by the formula (22), the Neumann problem (23), and normalization
condition (24). The example that follows illustrates how to use this
definition in practice.

Example 1 Consider a standard waveguide with rectangular cross
section specified in the Cartesian coordinates, (z,y), as 0 < x < a
and 0 <y < b. Separation of the x- and y-variables in the Neumann
problem (23) yields the potential, ¥y, (r) = ¥y, (z,y), as

Un (2,y) = p,q (2,y) = cos (mpx/a) cos (qy/b) , (29)

which corresponds to the eigenvalue distinct from zero,

vp=vp =m0 |(p/a)* + (a/b)?], (30)
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where the subscript parameter, n, is a doublet, (p,q), composed of the
integers, p = 0,1,2,... and ¢ = 0,1,2,..., provided that p + q # 0.
Condition (24) yields the normalization constant, N} , as

N, =20 'N3 = N =20 N7 (31)
The subscript parameter, () = (p,q) , identifies the modal type.

4.2. Complete Set of the T'E-modal Waves

Equation (27) suggests introducing a set of vector functions of variable
r as

E, (r) = ea%/\/;; Un V1 ¢¥n (r) X z
W, (r) = ,uaéj\/;; Vn V19n (r) (32)
B () = [y N )

where 12 # 0, E/, and H/, are the two-component transverse vectors,
H, ,, is the one-component vector oriented along Oz-axis. The set of
vectors (32) originates a modal basis in the waveguide cross-section
domain, S.

Remark. We have already provided the basis elements (32) with
required physical dimensions due to successfully chosen normalization
condition (24) ¥. The basis elements H/, and H,, have dimension
Am~! (ampere per meter) and the basis element E/, has dimension

Vm~! (volt per meter).
Thus, the TE-modal fields, &), and H],, can be written as

& (r,z,t) =V (2,t)El (r) + 20
H! (v,2,t) =T, (2,t) H., () + hy (2, ) H, ,, (1)

where the amplitude h, remains unknown yet, only. The other
amplitudes, V), and Z, are expressed via h, by formulas (28).
The modal amplitude h, should be found out hereinafter as a
dimensionless quantity. As it follows from Equation (28), the other
modal amplitudes, V), and Z/ , will be dimensionless, as well. Besides,
the eigenvalue 12 = 0 from (23) generates one more modal field as

&) (r,2,t) = 0 and H} (r,2,t) = 2zCAm ™! (34)

where C is a constant. That is, the modal field (34) is static magnetic.
Introduce a six-component vector, X, composed of the field
vectors (33) as X = col (£, H,,) where col means “column”. Choose

(33)

¥ Constant u51/2N1/2 has dimension A (ampere) and 651/2]\]1/2 has dimension V' (volt).
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a Hilbert space as the space of solutions. Remind that the set
{&,H,,}o7 , consists of the real-valued vector elements. Specify that
functional space by inner product

(X, X)) = ;/ (€0&), - &y + oMy, - H,y,) ds (35)
S

where X) and X/ is a pair of arbitrary real-valued vectors from that
set, the free-space constants, ¢y and g, play role of the weighting
coefficients.

If m # n, then (X, X!) = 0 due to orthogonality of the
eigensolutions to the Neumann problem (23). Physically, that implies
orthogonality of the modal fields (33) in the space of solutions.
Completeness of the set {X}} > follows from the Sturm-Liouville’s
theorems of mathematical physics. If m = n, then product (35) yields
the modal field energy, W,,, stored at an instant ¢ in the cross-section
domain, S, located at a fixed coordinate z.

5. ENERGETIC CHARACTERISTICS OF THE MODAL
WAVES

A linkage between the modal fields (33) and their energetic
characteristics can be established by applying the Poynting’s theorem
to Maxwell’s Equation (1). Supposing application of that theorem in
its integral form later, introduce a control volume, V., bounded by two
consecutive waveguide cross sections located at coordinates z and z+4§z
where r € § and r € L. Standard manipulations with the Maxwell’s
equations result in

% }{ NP (r, 2, 1) d5 = _% (04 (oS24 1oH2) /24 0E2)dv (36)
1%
b

where 3 is the surface surrounding V, Ny is the outward normal to
X, P, = & x H] is the Poynting’s vector, V = Sdéz. Notice that
Ny - P/, =0ifr € L due to the boundary conditions (5). Substitution
of the fields (33) to (36) and integration over the domain S yields

cViN
6z

V?%N whoz / /2

52 /Z [0V}, (2, 1) +20V7 (2,1)]dz
(37)

where the normalization condition (24) is used and notations are

adopted as

Wi (z2.t) = [ViE (2 t) + I (2,1) + b3 (2,1)] /2, 0= §+/ho/eq 2(0. |
38

(2P} |10-—2 Py 2] = —
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In the limiting case, when dz — 0, the quantity z- P} |15, in (37)
can be approximated by a Taylor series expansion as

1
2-P)|ts: 22 Phl.+620, (z-Pll.) +5 (02)* 92 (z-PLl.) ... (39)
Neglecting by the small quantities of order 622 and higher in (39) yields
1
5 {z Pl s~z 737’1|z} =0, (z . 737’1\2) =0,P.,
P::*n (th) = VT/L (th) I;z (Zat)

where P, is z-component of the Poynting vector of the modal field
(33) averaged over the waveguide cross section, S. Finally, this result
yields a law of conservation for the energetic field characteristics as

0P, (2,t) + OuW., (2,1) + 20V (2,1) = 0 (41)

where the mean-value theorem was applied for estimation of the
integral in (37).

Physically, P,, specifies directional along Oz-axis flux of the
modal field energy density averaged over the cross-section domain,
S. Indeed, the factor [cv2N] in (37), where c is the light speed,
has physical dimension Wm ™2 (watt per meter?). The quantity W,
specifies the modal field energy density stored in the waveguide cross
section and averaged over S. The factor [v2N] in (37) has physical
dimension Jm™3 (joule per meter®). The last term in (41), oV'?, has
physical sense of the work done by the induced electric current, o€/,
under action of the electric field, £/. That work is converted into a
heat energy.

Mathematically, Equation (41) specifies the local properties of the
modal fields in the space solutions. The quadric characteristics, W),
and P.,, as such, specify the global field properties in that space.
Physically, (41) is a continuity equation for the conserved energetic
field quantities.

In the general case, the energy flux vector, U, has been discovered
by Umov as the product of a velocity vector, v, and an energy,
W, see [21]. This definition describes energy flux in liquids, elastic
media, etc.. Besides, that concept is also available for the flux of
electromagnetic energy. Poynting and Heaviside independently co-
invented the electromagnetic energy flux, P, as the cross-product of
the electric and magnetic field strengths, £ x H, see in [22] as

U=vW and P=ExH. (42)
Let us take U = P as a particular case. Then formula v = P/W

specifies an instant velocity, v, of transportation of the flux of
electromagnetic field energy.

(40)
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Apply this formula the modal flux density, P.,,, averaged over
the domain S, and to the modal field energy density, W), stored in
the same cross-section domain and averaged analogously. That yields
a value of the instant velocity of transportation of the flux of modal

field energy along the waveguide as
v(z,t) Je=2V, (2,0) T, (2,1) | [V (2,8) + 7 (2,8) + by (2,1)] (43)
where c is the speed of light.

6. EVOLUTIONARY EQUATION FOR h,, (z,t)

Finally, derive a governing equation for the amplitude h, (z,t) in
(33). That equation can be obtained by substitution of needed field
components from the set (33) to Equation (12a). Simple manipulations
after result in

82

vnct

b + 28 Oypethn — 02 hn + hyp =0 (44)

where ¢ is the light speed, (3, = o/v, is a dimensionless lossy
parameter because the quantities ¢ and v,, both, have the same
physical dimension, m™1.

Mathematicians call all differential equations, which involve
partial (or/and ordinary) time derivative, as the evolutionary ones, see
link [20]. Evolution Equation (44) is known under names Klein-Gordon
equation (KGE) [6], telegraph equation, generalized wave equation [8].

Time derivative of the first order can be eliminated from
Equation (44) by applying a substitution for the function h,, (z,t)
sought for in the form of

ho (2,t) = €7 2%hy, (2,1) . (45)

This yields governing equation for a new unknown function, &y, (z,1),
as
02 i (2,t) — 02 by (2,8) + (1 — B2) hn(2,8) =0.  (46)

vpct''n

Notice that conductivity, o, appears as a parameter via 3, = o/v,
in the Equations (44) and (46), but that is absent in the modal basis
(32).

7. THE REAL-VALUED TIME-HARMONIC TE-MODES

In accordance with the Bohr correspondence principle, the time-
domain theory has to exhibit the time-harmonic solutions as a
particular case. Verify that it is so and demonstrate in passing that
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the time-domain theory is capable of disclose mew properties of the
time-harmonic waveguide waves.

Inasmuch the time-harmonic waves freely propagate in waveg-
uides, i.e., —o0 < t < 400, the initial conditions and the causality prin-
ciple are superfluous in the frequency-domain analysis. Klein-Gordon
Equation (46) has, as well, two linearly independent solutions in ele-
mentary functions as

B (2,1) = ap sin (Wt — Yp2) + by cos (Wt — Y,2) (47)

where w is a given frequency parameter, 7, is a propagation constant
sought for, a, and b, are free numerical parameters. The sin- and
cos-solutions in (47) can be unified if we introduce new notations as

Cn =\ a2 + b2, an/c, =cosy, by/c, =sine. (48)

Standard combination with the trigonometric functions in (47) results
in
by (z,t) = cp sin (wt — vz + @) (49)

where ¢ = sin™! (b, /c,) = cos™! (an/cy). Solutions (47) and (49) are
equivalent. One can put the factor ¢, in (49) as ¢, = 1 without loss of
generality.

Substitution of (49) to (46) yields the propagation constant, 7,
as

o= £ 2y fu? — () (1 - 32) (50)

where ¢ is the free-space light speed. In the doublet, (£), the upper
sign corresponds to the wave propagation lengthway Oz-axis; the lower
one corresponds to the opposite direction. The standard procedure
applied to the phase, ¥ (z,t) = wt — v,z + ¢, in (49) results in the
phase velocity, vy, as

w

R — 0P (- p2)

Condition v, = 0 yields an equation for the frequency parameter,
w. The solutions to this equation generate a set of the cut-off
frequencies, wy, i.e.,

vpp = £ (51)

{wn = UpcC M}TZI . (52)

If o = 0, then (3, = 0. Hence, the quantities v, ¢ (denoted as vyc = W),
henceforward) are the cut-off frequencies of the T'E-modes propagating
in the hollow lossless waveguide. Notice, that the lossy parameter,
0 < B, < 1, downgrades the cut-off frequency levels for the lossy
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waveguides. The quantities v, = w/,/c have the physical sense of the
cut-off wave numbers for the hollow lossless waveguides. Respectively,

values wy,/c = v, /1 — 2, n = 1,2,... are the cut-off wave numbers
for the lossy waveguides.

Introduce a dimensionless time, 7, and a dimensionless coordinate,
£, via scaling the real coordinate, z, and time, t, as follows:

E=vpz =22/, and T = w| t =21 t/T} (53)

where X, = 27 /v, is the cut-off wavelength of the TE-modes (n =
1,2,...) in the lossless waveguide and T, = )| /c is the period of

oscillations corresponding to the cut-off frequency, w!,. In terms of

these notations, the dimensionless amplitudes of the T E-modal fields
(33) can be written as follows:

V) (&,71) = P\ /w2 + (2 cos (U + )
T, (&) = —e " T\/@? — 14 B2 cos (9) (54)
hn (§,7) = e 7" 7 sin ()
where 0 < 3, <1, w = w/w),, w is a given frequency, and
§ = sin~! (ﬁn/\/wZ——i—B%> =cos ! (w/\/WQ——i-ﬁ%>
0 =wt—ymz+@ = wr —E/w2—1+ 32 + .

7.1. Special Value of the Lossy Parameter o

(55)

In Equation (46), one can put 3, = 1 as a possible particular case. This
supposition specifies the value of the lossy parameter, g, as o0 = vy,.
Substitution of 3, = 1 to (46) turns that KGFE into one-dimensional

wave equation for h, = h}, i.e

Oy, (§,7) — O¢hy) (6,7) = 0. (56)
This equation supports two linearly independent solutions as
hiy (6,7) = w— (7 = &) + wy (T +€) (57)

where w_ and wy are arbitrary functions twice differentiable by
their arguments. Solution w_ represents a waveform traveling along
the waveguide, the other one, w,, corresponds to the waveform
propagating in opposite direction.

For example, take the first solution, w_ (7 —¢), in the form of
(49) with 3, = 1 and ¢, = 1. Then substitute that to formula (45) and
rewrite the result in real time, ¢, and coordinate z (for clearness) as

RY (z,t) = e “n’sin (wt — zw/c + ) (58)
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where w/, = v,c is the cut-off frequency. This solution satisfies to the
KGE (44) with 8, = 1. Formulas (28) supply with the other modal
amplitudes as

V¥ = —e~nt [ cos (wt — zw/c + @) — sin (wt — zw/c + )] (59)
TV = —e “nt wmcos (wt — zw/c+ ).

n

7.2. Dynamics of the Energetic Modal Characteristics

Explicit time-domain solution (54) enables us to calculate the
dimensionless amplitude, P., , of the modal energy flux density what
results in

Pl (67) = 20T B [ 4 B (9)
P! (9) = wcos (20) — B, sin (209)

where P’ is a dynamic part dependent on time and z periodically,
see ¥ in (55). The dimensionless amplitude, W), of the stored energy
density is

(60)

WL (67) = e g [ 3, 0)
Wi, (9) = (@w”—1) cos (29) — @[3, sin (20)

where W;l is a part periodically dependent on time and z.

In Fig. 1, dependence on time, 7, of the energy flux density,
P, (0,7), and the energy density, W), (0,7), are exhibited for a fixed
position, & = 0, of the waveguide cross section. In Fig. 1(a), the
graphical results correspond to the value 3, = 0 of the lossy parameter.
In other words, this is the case of the lossless hollow waveguide.
In Fig. 1(b), the results correspond to the lossy waveguide where
Brn = 0.05.

Periodical time-dependence of W), (0,7) (in Fig. 1(a)) suggests
that a wave process of exchange by energy between some constituent
parts of the modal field should accompany the phenomenon of the field
propagation. Glancing at the field composition (33) one can conclude
that the energy of £/ -field is accumulated completely in the transverse
field component and equal to V/?/2. The energy of H!-field should
be distributed between its transverse and longitudinal components
as 7)2/2 and w], = h2/2, respectively. Onme can expect that the
value V'?/2 prevails over the value Z/?/2, generally speaking. This
supposition suggests to introduce a new energetic quantity, S}, (&, 7),
specified in (62) and named next as a “surplus” of energy stored in the
transverse field components

S, r)=WV2-17)/2 and w(¢,7)=h2/2. (62)

(61)
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the energy density, W/, (¢, 7) for w = 1.3, £ = 0 and (a) 3, = 0, (b)
B = 0.05.
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Figure 2. Wave process of exchange by energy between the surplus
of energy, S/ (&, 7), stored in the transverse field components and the
energy, w, (&,7), stored in the longitudinal field component; w = 1.3,
£€=0,and (a) B, =0, (b) 8, = 0.05.

Figure 2(a) corroborates that above-mentioned supposition about
the energetic wave process is true in the case of lossless hollow cavity.
Moreover, similar wave process occurs for the lossy waveguide as that
confirms the data in Fig. 2(b).

Instant velocity, v}, as a function of the variables (£, 7) is

v (§:7) Je=PL, (§7) /Wy (§,7) (63)
accordingly to definition (43).
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Figure 3. Normalized by c¢ instant velocity of transportation energy,
v'/e, for w =13, =0 and (a) 8, =0; (b) 3, = 0.05; (c) 5, =0.2.

In the case of 3, = 0, formula (63) can be rearranged in the form

of
,, wVwi-1{1+cos[20 ({,7)]}
Un/ = (@21 cos [20 (&, 7] (64)

via substitution of (60) and (61) to (63). This result enables to
establish possible extrema values of the velocity of transportation of
the modal field energy. Minimal value, v2"™ = 0, can be achieved by
the reasons of either w? =1 (i.e., w = W) or cos [20 (&,7)] = —1. The
latter is supplied with the energetic wave process which goes in parallel
to the field propagation. Mazimal value is

o fe = 2w/ w?—1/ (2w —1) (65)

under condition cos [29 (£, 7)] = 1 in (64). It is appropriate to notice
that v)'** never exceeds the light speed, c.

In Fig. 3, time-dependence of v/, (0,7) /¢ is presented for the
lossless waveguide (3, = 0) and for the lossy ones.

Averaged value of v/, (§,7) /c over time-interval 0 < ¢ < T is
defined as

o/ 1/T—H9 ’P;n<£77'>dt 1 (T /21452 [w+ P, (V)] ”
Uy/c= = ——dt = —
" T Jg W) (&,7) T Jg @2+ B2+ W, (V)

(66)
where T' = 27 /w, 0 is a constant, for ¥ as ¥ (z,t) see (55). As far as

T+9.-.. TJro-..-
/9 Pla o) di= [ W@ a0 (o0

integration by formula (66) results in

S TIRE T PR
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/

where w = w/w), w is a given frequency, w/, = vyc is the cut-off

frequency.

If 3, = 0 then v}, = ¢\/w?—w?/w < ¢ what coincides with the
classical result. If 8, = 1 then ¥}, = ¢ w?/ (w? 4+ w}?) < c for solution
(58).

8. FUNDAMENTAL SOLUTION

Equations (45) and (46) have so-called fundamental solution [8] as

§u(6r) = LH (r—[e) e P 7 (an/ 7€) (69)

where o, = \/1-62 < 1,0 < 3, < 1, Jy(-) is the Bessel function
of zero order, and H (7— [¢]) is the Heaviside unit step function.
The first factor, H (7—[£]), in (69) symbolizes correspondence of the
solution to the causality principle. Substitution of the function §,, to
formulas (28) results in the modal amplitudes of the transverse field
components denoted as

Vi (& 7) = 0.5H (7= [€]) €7 o Ji (anl) (7/€) + Buo (om)]
I3 (& 7) = 0.5H (r—[¢]) €77 [an 1 (an ) (€/0)]

where £ = \/72—¢€2. In the case 3, = 1, the solutions (69) and (70) are

Sn=gH(r—[¢) e, I§=0, Vi=gH(r—|¢)e ™. (71)

In Fig. 4, time dependence of the modal amplitudes, §, and V;‘f ,
are exhibited for the lossless waveguide provided that z = 0 and 3,, = 0.
As far as I3 (&, 7) is proportional to &, the amplitude Z3 (0, 7) = 0.

8§ H(r—|e))=1if 7> |€] and H (r — [£]) = 0 if 7 < |€].

(70)

0.12p
\

5 10 15 20
tau tau

Figure 4. Time-dependence of Figure 5. Time-dependence of

the amplitudes h, = I, and V.° the surplus of energy, S, and

when £ =0, 3, = 0. the energy, w?, stored in the

no
longitudinal component h, = 3,

when £ =0, 8, = 0.
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Fig. 5 illustrates the energetic wave process for fundamental
solution. The partners in this wave process are specified by formulas

ST =WVFE-1TF) /2 and wi(§7)=58/2; 7>¢  (T2)

9. DISCUSSION

In our statement of the problem, we supposed that the waveguide
is filled with a medium which has the relative permittivity and
permeability, € and p, equal to 1 (the same as for the free space). The
constant conductivity, o > 0, was introduced heuristically for modeling
possible losses in the waveguide.

In realistic situations, waveguides can be filled with a dielectric
medium. In this case, the second equation in (1) should be replaced
by

VxH (R, t) =0, D(R,t)+ o€ (R,1) (73)

where D (£) =eo€+P (£), P (€) is the polarization vector induced by
the field £ applied to the material, D is the electric flux density.
Dependence D (£) is known as the material constitutive relation. The
latter is specified completely if the constitutive relation P () is given
somehow.

Relationship between P and £ should be dynamic in the time-
domain theory. That can be established by solving appropriate motion
equation for the polarization vector, P. There are two wide classes
of dielectric materials each of which has own physical mechanism of
polarization. Atoms and molecules of so-called Lorentz media have a
distorting mechanism of polarization. Relationship between P and &£
is describable by Newton’s motion equation as

d? d

@P (R,t)+2’yo$77 (R,t)+wi P (R,t) = egN¢2/ (meeo) € (R,t) . (74)
where 79 and wg are the material constants, m. and ¢. are the
mass an unsigned charge of electron, N is the number density of the
polarizable atoms and/or molecules per unit of volume. In the static

case, time derivative, %, turns into zero the first two terms in (74).

Hence, that equation yields constitutive relation P = ¢pxs€ where
xs=Ng?/ (eomewg) is the static dimensionless susceptibility. In this
case, constitutive relation (73) yields D = €€, where e=1+x,, what
corresponds to an instantaneous polarization, physically.
Physical mechanism of so-called Debye media is orientational.
Relationship between P and £ is describable by Debye equation as
d

&P (R’t) + (1/7—0) P (R’t) = €0 (X/TO) & (R’t) (75)
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where 19 = 2 /wg is a relaxation time. Molecules HyO, Ng, O9, O3,
C, CO, SO9, HCI, etc. compose polar dielectrics. The human and
animal tissues involve water (H20) in high doses. The tissues should
be interpreted as polar dielectrics in biological studies when interacting
with electromagnetic radiation.

Combination of the Maxwell’s equations with 9, and the dynamic
constitutive relations (74) or (75), where the time derivative plays
essential role, is prospective for studies of dielectrics with temporal
dispersion. One can find realization of this idea for solving a cavity
problem in [23]. Expansion of this idea on a wide class of the waveguide
problems can be made, as well.

REFERENCES

1. Lord Rayleigh, “On the passage of electric waves through tubes,
or the vibrations of dielectric cylinders,” Phil. Mag., Vol. 43, 125—
132, 1897.

2. Collin, R. E., Field Theory of Guided Waves, McGraw-Hill, 1960.

3. Kurokawa, K., An Introduction to the Theory of Microwave
Circuits, Academic Press, New York, 1969.

4. Chew, W. C., Waves and Fields in Inhomogeneous Media, Van
Nostrand Reinhold, New York, 1990, Reprinted by IEEE Press,
1995.

5. Marks, R. B. and D. F. Williams, “A general waveguide circuit
theory,” J. Res. Nat. Inst. Stand. Technol., Vol. 97, 533-562, Sep.—
Oct. 1992.

6. Kragh, H., “Equation with the many fathers. The Klein-Gordon
equation in 1926,” Am. J. Phys., Vol. 52, No. 11, 1024-1033,
Nov. 1984.

7. Schelkunoff, S. A., “Conversion of Maxwell’s equations into
generalized telegraphist’s equations,” BSTJ, Vol. 34, 995-1043,
1955.

8. Polyanin, A. D., Handbook of Linear Partial Differential
Equations for Engineers and Scientists, Chapman & Hall/CRC
Press, Boca Raton, FL, 2002.

9. Gabriel, G. J., “Theory of electromagnetic transmission struc-
tures, Part I: Relativistic foundation and network formalism,”
Proc. IEEE, Vol. 68, No. 3, 354-366, Mar. 1980.

10. Borisov, V. V., Transient FElectromagnetic Waves, Leningrad
University Press, 1987 (in Russian).



426

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

Tretyakov and Kaya

Tretyakov, O. A., “Evolutionary waveguide equations,” Sov. J.
Comm. Tech. Electron. (English Translation of Elektrosvyaz and
Radiotekhnika), Vol. 35, No. 2, 7-17, 1990.

Tretyakov, O. A., “Essentials of nonstationary and nonlinear
electromagnetic field theory,” Analytical and Numerical Methods
in Electromagnetic Wave Theory, M. Hashimoto, M. Idemen,
O. A. Tretyakov, Eds., Chapter 3, Science House Co. Ltd., Tokyo,
1993.

Tretyakov, O. A., “Evolutionary equations for the theory of
waveguides,” IEFE AP-S Int. Symp. Dig., 2465-2471, Seattle,
Jun. 1994.

Kristensson, G., “Transient electromagnetic wave propagation in
waveguides,” Journal of Electromagnetic Waves and Applications,
Vol. 9, No. 5-6, 645671, 1995.

Slivinski, A. and E. Heyman, “Time-domain near-field analysis
of short-pulse antennas — Part I: Spherical wave (multipole)
expansion,” IEEE Trans. Antenn. Propag., Vol. 47, 271-279,
Feb. 1999.

Aksoy, S. and O. A. Tretyakov, “Evolution equations for analytical
study of digital signals in waveguides,” Journal of Electromagnetic
Waves and Applications, Vol. 17, No. 12, 16651682, 2003.

Geyi, W., “A time-domain theory of waveguides,” Progress In

Electromagnetics Research, Vol. 59, 267-297, 2006.

Tretyakov, O. A. and O. Akgun, “Derivation of Klein-Gordon
equation from Maxwell’s equations and study of relativistic
time-domain waveguide modes,” Progress In FElectromagnetics
Research, Vol. 105, 171-191, 2010.

Tretyakov, O. A. and O. Akgun, “Relativistic invariance of the
time-domain waveguide modes,” URSI GA, Aug. 2011, DOL:
10.1109/URSIGASS.2011.6050487.
http://www.springer.com/birkhauser/mathematics/journal /28
Umov, N. A., “Ein theorem iiber die wechselwirkungen in
endlichen entfernungen,” Zeitschrift fiir Mathematik und Physik,
Vol. XIX, 97, 1874.

Poynting, J. H., “On the transfer of energy in the electromagnetic
field,” Philos. Trans. of the Royal Society of London, Vol. 175,
343-361, 1884.

Tretyakov, O. A. and F. Erden, “Temporal cavity oscillations

caused by a wide-band waveform,” Progress In Electromagnetics
Research B, Vol. 6, 183-204, 2008.



