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and Nonradiating Sources in Time-Domain
Transmission-Line Theory
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to construct localized voltage and current sources which do not produce
any fields outside the source domain. These sources cannot, therefore,
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. . . . importance of such sources for the uniqueness of the inverse-source
[1] D. Kajfez and P. Guillon,Dielectric Resonators Norwood, MA:  proplem is pointed out, and energy conditions for the uniqueness are
Artech House, 1986. discussed. The analysis can be advantageously used in the design and

[2] D. Kajfez, A. W. Glisson, and J. James, “Computed modal fieldptimization of the electromagnetic compatibility (EMC) properties of
distributions for isolated dielectric resonatorZEE Trans. Microwave ransmission lines.

Theory Tech.vol. MTT-32, pp. 1609-1616, Dec. 1984.

[3] R. F. Harrington,Field Computing by Moment Methadblew York: Index Terms—Nonradiating sources, partial differential equations,
Macmillian, 1968, ch. 3. transmission-line theory.

[4] W. Zheng, “Computation of complex resonance frequencies of isolated
composite objects,IEEE Trans. Microwave Theory Teghvol. 37, pp.
953-961, June 1989. I. INTRODUCTION

[5] J. A. Pereda, L. A. Vielva, A. Vegas, and A. Prieto, “Computation of . . . . .
resonant frequencies and quality factors of open dielectric resonators byPirect problems in electromagnetics have unique solutions, which
a combination of the finite-difference time-domain (FDTD) and Prony’sneans that two different fields are necessarily generated by two

methods,”|[EEE Microwave Guided Wave Letwol. 2, pp. 431-433, different sources. However, the inverse problem is not unique without

[6] govﬁrég?;'and W. Pascher. “The method of lines.” Numerical additional constraints. In other words, two different sources may

REFERENCES

Techniques for Microwave and Millimeter Wave Passive Structiies radiate the same electromagnetic field outside the source region. One
Itoh, Ed.. New York: Wiley, 1989, pp. 381-446. consequence of this nonuniqueness property of the inverse-source
[7]1 W. Hong and W.-X. Zhang, “On the equivalence between the methgatoblem is that nonradiating (NR) sources exist. NR sources are such

of lines and the variational methodXEU, vol. 45, pp. 198-201, 1991. \hich do not generate any electric or magnetic fields outside their

[8] A. Dreher and R. Pregla, “Full-wave analysis of radiating plana,gu ort
resonators with the method of linedEEE Trans. Microwave Theory PP N . . .
Tech, vol. 41, pp. 13631368, Aug. 1993. The inverse-source problem in acoustics and electromagnetics has

[9] R. Pregla, “New approach for the analysis of cylindrical antennas Hyeen studied by various authors [1], [3], [4], [7]. These papers treat
the method of lines, Electron. Lett, vol. 30, no. 8, pp. 614-615, 1994. cyrrents and their radiation in free space from the NR point of view,

(10] D. Kremer and R. Pregla, "The method of lines for the hybrid analysig, giye conditions that the source distributions have to satisfy in
of multilayered dielectric resonators,” iEEE MTT-S Int. Symp. Dig. d di | . Th . f
Orlando, FL, May 1995, pp. 491—494. order not to radiate electromagnetic energy. The construction of an

[11] W. K. Hui and I. Wolff, “A multicomposite, multilayered cylindrical NR-source distribution starts with choice of any function that vanishes
dielectric resonator for application in MMIC’s,” ifEEE MTT-S Int. outside a finite domain. Applying the wave operator to this function
Symp. Dig. Albuquerque, NM, May 1992, pp. 929-932. gives a certain source function. Because the resulting source function

[12] P. Vincent, “Computation of the resonant frequency of a dielectri . . ] . L
resonator by a differential method&ppl. Phys. A, Solids Susfvol. s a solution of the inhomogeneous-wave equation, it is an NR source

31, pp. 51-54, 1983. because the field it corresponds to is zero outside the source domain.

[13] U. Rogge and R. Pregla, “Method of lines for the analysis of dielectric One of the strong results of the NR-source studies is the following:

waveguides,J. Lightwave Technalvol. 11, pp. 2015-2020, Dec. 1993. 3 time-harmonic electric-current distributidiir, w) does not radiate

[14] D. Kremer, “Method of lines for the analysis of optical Wavegmdeelectromagnetic fields outside its support if
structures with complex refractive indices using a pole-free eigenvalue

determination,”Electron. Lett, vol. 30, no. 13, pp. 1088-1089, June " K-t gvr

looa. b PP k X / I(r, w)e™ T ay =0 @)
[15] M. Abramowitz and I. A. Stegurklandbook of Mathematical Functions

New York: Dover, 1965, ch. 9. for w = ¢|k|. The integral behaves well because the integration

domain is the support of the current distribution, which is a finite
domain. In fact, (1) is a necessary and sufficient condition for a
dynamic current to be NR. In other words, the NR condition is that

certain components vanish of the transverse part of the spatial Fourier

transform of the current density; namely those components for which
|k| = w/c, wherec = 1/,/pe€ is the radiation velocity in the medium
permeating the space [3]. To give one example of a single-frequency

Manuscript received October 17, 1996; revised August 22, 1997.

A. Sihvola is with the Department of Electromagnetic Theory, Lund
Institute of Technology, S-221 00 Lund, Sweden, and the Helsinki University
of Technology, Electromagnetics Laboratory, FIN-02015 HUT, Finland.

G. Kristensson is with the Department of Electromagnetic Theory, Lund
Institute of Technology, S-221 00 Lund, Sweden.

I. V. Lindell is with the Helsinki University of Technology, Electromag-
netics Laboratory, FIN-02015 HUT, Finland.

Publisher Item Identifier S 0018-9480(97)08249-5.

0018-9480/97$10.000 1997 IEEE



2156 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 12, DECEMBER 1997

current function satisfying this criterion, tallér) = u,.J(r), which I(z8)
is a spherically symmetric vector function. This current source does -
not radiate in a homogeneous environment, as is well known.

The question of possible electron models that would be stable in
the sense that the dynamics of the charges would not lose energ&’(“)
through radiation puzzled physicists like Sommerfeld, Herglotz, and
Ehrenfest early in the beginning of this century. The famous result
by Schott [6] is that a rotating spherical shell of charge is NR if the

RE) L) 1o+ d5,1)

@ < O —

radius of the shelb satisfies the following condition: Fig. 1. The transmission line with series voltage and shunt current sources
u(z, t) andi(z, t), and the transmission-line parametdérsC, R, G. The
b= nel dynamics of this circuit obeys (2).
)

wheren is integer andl is the period of the Charge motion. Thisbounded region in space, the sourge= LI is NR. This is because
result by Schott does not require that the rotation orbit be circulafe corresponding field, satisfies

as a matter of fact, it does not even have to be planar. Goedecke
has generalized these results to more general rotating and spinning L(fp,—h)=0 B(fh—h)=0
charge distributions [5]. This reference gives examples of various
localized NR sources that can be asymmetric and nonspherical, @gumingBh = 0, i.e., the boundary of the problem is outside the
that could also include a spinning current contribution in addition upport ofA. From uniqueness, we now have
the orbital movement of the charge. The NR character of these charge
constellations is connected to a quantized condition for the orbital
and spinning motions, which as a result, leads to the temptation. . .
to hyp%thesigze that all stable particles in nature would be “rﬁere ich means thaf,, = 0 OUtS'C.'e the sgpport df Thus, the source
NR charge—current distributions whose mechanical properties dre™ Lh does not create (radiate) a field outside the suppokt of
electromagnetic in origin,” although Goedecke in [5] seems to be
very careful in propagating this suggestion. IIl. A PPLICATION TO TRANSMISSION LINES

The previous results of NR sources in the literature have dealty, ihe time-domain transmission-line theory, the fiefdis a

with waves in unbounded homogeneous space. In this paper, Wnbination of the voltag&(=, #) and currentl( =, ¢) functions, the
concentrate on the problem of NR sources in transmission “n%urceg is a combination of the distributed series voltage, ) and

The analysis allows arbitrary time dependence of the fields agflynt curreni(z, ¢) functions, and the linear operatdris defined
sources. The sources in the transmission-line problem are enforg@dthe following transmission-line equations:

voltages and currents, which can be either distributed or lumped

sources. The construction procedure of NR transmission-line source f= Kl 0)& i <0 L)a n <0 R)} _ <U>
will be presented. Also, power conditions are discussed because thé 0 1,°° c 07 G 0 I
energy balance is obviously different for NR sources from ordinary u

transmission-line configurations where the line is used to transmit = < ) (%, 1).

energy from the source to the load. We might see application of the

NR-source transmission-line theory in, for example, electromagnetiere, . and 9; denote differentiation with respect toand¢ and
compatibility (EMC) and interference problems. Disturbances quitee line parameterd,, C, R, G (inductance, capacitance, series
often become coupled to transmission lines through unshielded pasdsistance, and leakage conductance, per unit length) may be functions
of the line. Hence, to minimize the effect of these undesired foreigr the position coordinate, but not the time. The circuit that obeys
signals, one may try to design the critical contact area in such a w@y is shown in Fig. 1.

that the disturbance would appear as an NR source when looking

fh=h=0 = fn=nh

(2, 1)
(2

from the transmission line. A. Construction of NR Voltage—Current Combinations
After having written down the operatak for transmission-line
[l. GENERAL PRINCIPLE OF NR SOURCES dynamics (2), the NR voltage and current sources can be constructed

In a very general form, the concept of NR sources can bsing the principle presented in the previous section. Denote the
introduced as follows [8, Sec. 6.1]. Consider a linear problem  function ~ by

If=yg b= <"h) (- 1)
I
where L is a linear operator containing differentiation, is the
cause (source), and is the effect (field). In addition, linear and @nd the NR source can be expressed as

homogeneous boundary conditions (7 a. R+ Lo\ (U, (2 1)
Bf=0 =Ny )T T e+ 0o . n )7
are assumed, which make the solution unique so that the problerf?’ More explicitly, as
Lfs=0 Bfo=0 un(z, 1) =0:Un(z, t) + (R+ LOu) In (2, 1) @)
in(z, 17) :ath(z, t)—l—(G—i—CE)f)Uh z, t).

has only the null solutiorf, = 0.
The simple way to construct an NR source is the following: 1§ Let us consider some basic examples for NR voltage—current
a function of bounded support in space, ile5 0 outside a certain distributions.
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O— L 4 A4 < L \ 4 —0
“ Fig. 3. The NR source combination complementary to that in Fig. 2. See
Fig. 2. NR source in the interval; < z < z» does not produce fields the text for the strength of the voltage sources.
outside the interval. It cannot be detected by observing voltages and currents
outside the interval. See the text for the strength of the current sources.
C. Voltage and Current Sources
In the previous examples, the NR sources consisted of both
o _ ) voltages and currents. We can also design an NR source which only
Let us assume that the NR source is limited to an interval in spag@nsists of voltage functions. In the above example, we did not use the
z1 <z < z, and in time,#; <t < t,. More specifically, let us function, (=, t) at all, and the result was a combination of voltage
assume that there is only one nonzero functigriz, ¢) defined by and current sources. With a suitable choice fptz, ¢), the current
. N sourceiy(z, t) can be required to vanish. With this requirement, we
Up(z,t) = UgP(z1, 2z, z2) P(t1, t, to); In(z, t) = 0. . ~ . .
w(z %) 0Pz, 2) Pty 2)i Iu(z 1) find the following condition from (3):

B. Simple NR Sources

Here, the functionP(a, x, b) denotes the pulse function, which -z

equals unity whem: < = < b and zero otherwise, anll, is a In(z 1) = =(G+ Cdy) / Un(', t)d2!

constant. Because the derivative of the pulse function is a combination o

of two delta functions, we have for the NR-source functions for the current function. Denoting the integral of the voltage by

M(z, t) as follows:
up(z, t) =U0 [6(z — z1) — (2 — z2)] P (t1. t, t2),

in(zs t) =UoP(21, 2, 22) - {GP(t1, t, t2)+C[8(t—t1) Mz, t) = / Un(', t)d’

1
—8(t—ta)]}. we have from (3)

According to Fig. 2, the source is composed of two series voltage {uh(z, £)=8..M(z t) — (R+ L) (G+ CO)M(z, t)
generators plus distributed shunt current generators. The voltage § .
generators are of opposite polarittl’; at the pointsz: = =z, and in(z, 1) =0
z = z». These are turned on at= t; and off att = ¢,. The current which is an expression for an NR purely voltage-type source. The
generators are distributed along the interfval z2], and flashing on function M (z, t) is an arbitrary function with compact support in
with amplitude CU, at the moment = ¢; and another time with space:M(z,¢) = 0 for = < z, and z > z,. This is sufficient
the amplitude-C'U, at the moment = ¢,. For a lossy transmission to guarantee that th&, and U, functions also vanish outside the
line, we also have a current generator distributiedi. support.

To understand that this combination of sources does not generatgimilarly, we can write an expression for an NR source of a purely
any fields propagating along the line, it is enough to note that durieg@rrent type, by requiring:.(z, t) = 0 from (3), and using the
the time intervalt, t2], there exists a potential difference only withincondition for the current function. The result is
the space intervalz,, z2]. This will lead to leakage current, which wn(z 1) =0
is compensated by the continuous current so@Eg. The transient { e
that is excited at = #; as the voltage generators are turned on is in(z, 1) =0::N(z, t) = (R+ L) (G + CO)N(z, 1)
equal and opposite to the effect of the simultaneous current flash Wjiiee againV (=, t)
amplitudeCU,, and, therefore, no signal can be measured outside Iﬁ}l‘e
region at any time. Similarly, this happens at the titne #> with

is an arbitrary function with bounded support
space.
As an example of an NR voltage-only source, choose the following

oppositely directed sources. function:
The complementary NR source constellation can be constructed )
with the following choice of thd/;, and I;-functions: M(z, t) = sin® (kz) P (0, z, w/k) sin (wt). 4)
Un(z, 1) =0 In(zt)=IoP(z1, 2, 22) P(t1, t, t2) This is a monochromatic function, vibrating with the angular fre-
quency w. Therefore, in time it is not bounded, but spatially it
out of which we have is restricted by the pulse function within a finite interval. The
up(z, t) =IoP(z1, 2, z0) - {RP(t1, t, ts) z-dependence has been intentionally chosen in a manner such that

Lis 5 the function and its first derivative are continuous, with the goal
+ L[6(t —t1) — 6(t —12)]} of finding a “soft” source function. The source function contains
in(z, t) =Io[6(z — 21) = 6(2 — 22)] P (t1, ¢, t2). second-order derivatives of the test function in this case.

. o - . The source function is
This source is illustrated in Fig. 3. Two opposite shunt current sources

at the points: = =, and = = =, create a circulating current which @ (%, t) = [(2k” cos 2kz — RG sin® kz + w’LC sin® kz)
is limited within the region between these two points. For a lossy “sin wt — (RC' 4+ LG)w sin® k= cos ;ut]

line, distributed series voltage generat®&, supply the voltage lost PO, = 7 /k)

in the series resistance. Similar to the earlier case, to extinguish the »T
effect of the transients gt = ¢; andt¢ = ¢, voltage flashes have and is illustrated in Fig. 4. The transmission-line parameters in this
to be included with amplitudeEI, at these moments. These voltageexample are chosen to be those of a{7®oaxial cable with 1-cm
sources are continuously distributed along the interval. diameter and dielectric insulator of relative permittivity = 2.5
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number, i.e., the condition
Q= 1) = ulz. OI(z, ) +i(z DU(2. 1) 2 0

should be valid for all points and all timest.
Let us consider this condition for the NR source (3):

B _(Un 8 0 1 up
Qh(g’ t) B <Ih ) <1 0) <ih )
(U (G+Co, 0. Un
T\ 0 R+ Lo, I,

=0.(UpIy) + 10:(CU} + LI}) + GU; + RI}; > 0.
(5)

For the previous example withy(z, t) = 0, Up(z, t) =

Fig. 4. The NR voltage source resulting with the choice of the test functiddo P(z1, z, z2) P (t1, t, t2), we have
(4), for the 75¢2 coaxial cable (see text for parameters). 1. a9 9
Qh(z,‘ t) = EaL(CUh) + G[‘h

=US{C[6(t — t1) — 6(t — - GP(t, t, ty
and loss tangentan § = 0.001. The conductor is assumed to be o {CTo 1)9 ( 2+ (hh, 4, t2)}
copper with conductivity = 5.7 - 107 S/m. Microwave-engineering “P(ti, t, t2) P7(z1, 2, 22)
formulas [2, Sec. 9.3] give the following transmission-line parameters =UZ{C[8(t — t1) — 8(t — t2)] + GP(t1, t, 1)}
for thi ble at 1-GHz f : ‘
or this cable a z frequency Pt 1 1) P(or, =, 22).

C=x=T79¢ L =0.32puo,

, . o It is seen that the conditio®@(z, t) > 0 is not satisfied at = ¢,
Gr44-107 S/m R=220m because at this moment, power is absorbed by the sources.

whereey ~ 8.854 - 10712 As/Vm andpoe = 47 - 107" Vs/Am are

the free-space permittivity and permeability, respectively. The widfh Lossy Transmission Line

L = «/k of the source function is chosen to be 30 cm. Note that |n the case of lossy transmission lin@ & 0, R # 0), uniqueness
this length does not need to have any connection to the frequergithe inverse-source problem does not follow from the requirement
of the wave, nor to its free-space wavelengthis only the width that the source not absorb energy. If the energy supplied by an
of the support of the NR source function and it is determined by théR source is absorbed by the losses within the source region, no

manner the source is excited. power—and hence, no fields—can be detected outside. This can be
In the numerical calculation of Fig. 4, the pulse function igilustrated with a simple example.

approximated by a combination of hyperbolic tangent functions asTake I,(z. ¢t) = 0 and U,(z,t) = UoH(t, 0)e” /¢

follows: P(z1, z, z2) where the step functioll (¢, ¢1) is zero fort < #

and unity fort > ¢,. Now, using (3), we have the following for
the sources:
where the parametes adjusts the steepness of the step. In the un(z, t) = UoH(t, 0)e~ /¢ [6(: — ) = 8(z — 22)]
calculations, the value = 200 was used. o

{ in(z, t) =CUy 6(t) P(z1, z, 22)

IV. PoweR CONDITIONS and for the power (per unit length) supplied by the source:
Qn(z, t) =CUEP* (21, z, ) 8(t)H(t, 0)e= ¢
=CUZP(z, =, 22) 6(¢)

P(r1, m, 3) = H{tanh [a(x — #1)] — tanh [a(z — 22)]}

A. Lossless Transmission Line

It was pointed out earlier that the existence of NR sources is
tantamount to the nonuniqueness of the inverse-source problem.Mifich is positive at the starting moment= 0 and zero after that.
ensure uniqueness for this inverse-source problem, certain conditidfiere is no absorption by the source; however, it is NR.
for the source must be imposed. In fact, the existence of an NR
source implies that no energy is given by the source to propagate V. DISCUSSION AND CONCLUSION
?lotﬂg lt_he trans;hmlssmnt Ime'tTEus‘ l;ftﬁart of the soulrlce glVlt.asdenen‘:]yNonuniqueness of sources in electromagnetic-field problems is the
0 the 1in€, anofher part must absorb the energy, orall Supplie ene{ggic of this paper. Two different current distributions confined within
shall have to be dissipated into losses in the source reglon.Theref%r eertain domain may produce exactly the same radiation fields
one may suggest that NR sources that are nonabsorbing at the s gvery point outside this domain. From the linearity of Maxwell
time cannot be excited in a lossless transmission line. In other wor uations. it is then obvious that the difference of these two current
enforcing th_e condition that no absorption of energy by the Source J tributio}ls is an NR source with respect to the external region. A
allowed, uniqueness for the inverse-source problem can be Cert'fcl:%qollary of this is that the problem of determining the source currents

n ?hIOSS|eSS “Ee Wl;thg =0 a.rt'? G ; U'f the | b rom externally measured fields is difficult. In fact, the inverse-source
€ power absorbed per unitlength ot the fine can be eXpreésseq,as, am js ill-posed. Some additionalpriori information is needed
0.P(2,t) =—0.(UI = —I9.U —UO.T about the source if one wants to have a unique solution for this

— RI? 4+ GU? + 0,(LI?/2) + 8:(CT?J2) — ul — il problem. Moreover, the problem of inverse scattering is related_ to the
inverse-source problem and the existence of NR sources. In inverse

The last two terms denote the absorption due to the sources. If sachttering problems, one measures radiated fields that are generated

an absorption is not allowed, these terms should not give a positiye incident waves, and from this information one likes to infer
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information about the scatterer. This problem has large similaritiesitwident field. The present analysis of NR transmission-line sources

the inverse-source problem due to the presence of equivalent indutsetiopefully useful for EMC applications, eliminating interference,

sources in the scatterer. and the design of microwave equipment in difficult electromagnetic
The aim of this paper has been to present a method to constremtironments.

NR-source distributions for transmission-line problems. The inverse-

source problem does not seem to have been previously studied in

transmission-line theory. An application of the partial differential

operator L of (2) on a localized function yields source functions Tpig paper was inspired by the Ph.D. dissertation of Dr.

that are bounded in space and which do not generate any voltage §ndngstedt of the Department of Electromagnetic Theory, Royal In-
current waves traveling along the transmission line. These SOUregsie of Technology, Stockholm, Sweden. The authors acknowledge
cannot be detected with any voltage or current measurements Ontﬂ'@helpful discussions with Prof. S. 8in"and Dr. S. He. also from

transmission line, external to the source region. the Department of Electromagnetic Theory. The authors also thank

With simple generating functions, such NR sources could k¢ \v. R. Stone and Prof. K. J. Langenberg for advice concerning
created that can be intuitively understood as being NR. Two basjig, existing literature of NR sources.
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