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An |dea for Electromagnetic
“Feedforward—Feedbackward” Media

Charles A. MosesMember, IEEE and Nader Engheta&ellow, IEEE

Abstract—In this paper, an idea for a new class of complex the excessive bulk and weight of such devices relegate them
media that we name feedforward—feedbackward (FFFB) media ynattractive for practical use [2, p. 749].
is presented and some of the results of our theoretical work In - Atificial materials (also known as artificial dielectrics and
analyzing plane wave propagation in the axial direction through | di d ical eff boptical
these media are described. The concept of FFFB media, asCOMPlex media) attempt to produce optical effects at suboptica
introduced here, was inspired by the theoretical research of frequencies by more attractive means. An artificial material
Saadoun and Engheta on a variation of artificial chiral media. is a composite medium consisting of a number of closely
IC-)ICI:(Ceur(r:iII"]]gaFlFr;BEdrlnaéditgf(?rutﬁ’]ekrr;]c;g’lc?vt\jlg\?eftrgzﬁenag; b';cr’]dr?"’;g‘f;'!g spaced inclusions distributed throughout some host medium;
reason we introduce an idea for artificial FFFB media. The focus as remarked bY Kock [3], the 'nC“,JS'O”S effectively react
of this paper is on one conceptualization of such media, namely 10 raQIo waves in a manner not Un“k? molecules of matte_r
dipole—dipole FFFB media. First, we present the calculation of the reacting to optical waves in the classical sense. An electric
necessary constitutive parameters for studying axial plane wave (or magnetic) field present in the artificial material induces
propagation. Then we solve the macroscopic Maxwell equations in a charge separation and current on each inclusion, giving

the k domain for axial plane wave propagation in an unbounded . . . . . .
source-free crossed-dipole FFFB medium. Finally, we present the "S€ {0 microscopic electric and magnetic multipole moments;
dispersion equation for this medium in this case, discuss somewhen the equations are averaged in the usual sense, an
of the physical properties of its roots and certain features of electric polarization and magnetization may be defined that
the polarization eigenstates, and briefly speculate some of the gre analogous to the electric polarization and magnetization
potential applications of this medium. associated with real matter. These macroscopic polarizations

Index Terms—Atrtificial media, complex media, FFFB media, are a result of the microscopic structure of the artificial
plane wave propagation. material and lead to modifications of the effective permittivity

and permeability of the (macroscopic) medium.
|. INTRODUCTION Design of an artificial material includes determining the den-

sity, arrangement, composition, and structure of the inclusions;

homogeneous’—at some scale materials always exhif pointed out by Blancharet al. [4], an interesting feature

inhomogeneity. Real dielectrics are necessarily inhomog%- such freedoms is the potential of engineening a material

neous with properties varying rapidly as a function of positio‘ﬁl)j(girt:g;?i;tjiizirede p[frr()rgi;tril\;/it}:j,eziegrrrw?r?gbt ir!itey,inirrjsic(j)i:sperriig:y

according to the microscopic atomic structure of the dielectri

Certain features, such as anisotropy, temporal dispersion, Sla%lt_ural optical effects can be synthesized at suboptical (usually

tial dispersion, and chirality, which are all observed at opticqiicrowave) frequencies; effects such as anisotropy (e.g., [5]),
wavelengths, arise from the microscopic structure of the atofgnPoral dispersion (e.g., [6]), chirality (€.g., [7]), and inhomo-
or molecules comprising the material. Some of these featu@&Neity (€., see the review article by Brown [8, pp. 221-222]
may be difficult to observe outside of the optical band; &nd Works referenced therein) have already been investigated.
lower frequencies the period of oscillation may be much longéP Produce these effects, the inclusions in artificial material
than the atomic relaxation time constant, effectively “washir@f® often developed with a certain microscopic optical model
out” the effects of retardation. At higher frequencies, Brag§ mind. For example, anisotropy in real dielectrics may
diffraction may be prevalent and the geometrical structure 8fcur whenever the molecules comprising the dielectric are
the lattice is emphasized rather than the average properﬁ@gmmetric (assuming the molecules have the same orientation
of the medium. Many materials do exhibit similar featureiroughout the dielectric); the molecular asymmetry results
at suboptical frequencies as at optical frequencies, so deviiegnicroscopic charge and current distributions that depend
such as lenses, polarizers, or filters at these frequencies catip@n the orientation of the polarizing electric and magnetic
designed to behave like their optical counterparts by a simgields. In a similar fashion, the inclusions that give rise to
length scaling of all dimensions; however, as a result of tifisotropy in artificial materials are those not possessing
increased volume but more or less constant material densgpherical symmetry, two examples being the long wire [5] and
the strip [2, p. 774]. As another example, certain molecules

may have no center of symmetry so media comprised of

S put by Lindellet al. [1, p. 193], “No real media are
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such as the stemmed one-turn helix described by Jaggard
et al. [7]. In recent years, studies of chiral media and, in
general, bianisotropic media have gained considerable interest,
particularly in regard to synthetically creating such media
by means of artificial materials. To accurately predict wave
behavior in artificial chiral media, a number of researchers
have developed sophisticated models for chiral inclusions (e.g.,
(61, [71, [9]-[15]).

Continuing along this line of thought, one effect that ap-
pears to have received less attention by designers of artificial
material is the idea afmacroscopicspatialfeedbackwhereby
electromagnetic fields in one region of space @aftuence
the microscopic charge and current distributions (and, when
averaged properly, thenacroscopidnduced polarizations) in
another region of space. The phenomenon of microscopic
spatial nonlocality is not new; as is well known in the field of
crystal optics, certain crystals, when excited near an exciton
resonance band, may exhibit microscopic nonlocal effects [16],
[17, ch. 5]. Our interests here are to explore hoacroscopic
nonlocality might be engineered into an artificial material and
to understand what effectsacroscopigonlocality might have
on wave propagation.

Researchers have demonstrated that microscopic nonlocality
introduces spatial dispersion (e.g., [18]), so we anticipate sim-
ilar findings for macroscopic nonlocality in artificial material.
Spatial dispersion refers to the feature of a material to exhibit (b)
certain properties that depend upon the magnitude and/or - .
direction of the vector wavenumber. As mentioned by Felsgﬁliﬁcli'al nﬁgfer?;”‘;i‘g“a"zat!?,” of an artificial FEFS medium. (@) A lacal

. pyramids represent generic inclusions embedded within
and Marcuvitz [19, p. 75], spatially dispersive media can hee host medium. (b) By joining pairs of inclusions, one conceptually creates
described in the space—time domain by reddicamhstitutive the FFFB medium; the end-inclusions may be linked by parallel tiny two-wire

. . transmission lines (shown as single dotted lines).
relations that have direct dependence on at least one spaﬁaﬁ
derivative. In principle, an infinite number of these spatial
derivatives would be required to write point-wise constitutives desired of macroscopic nonlocal media. As causality re-
relations for nonlocal media; as an alternative, the constitutigeires, the nonlocal polarization and magnetization responses
relations themselves may be written as nonlocal relations. are not instantaneous due to the finite speed of wave propa-
gation along a (tiny) transmission line.

The arrangement we are imagining can be conceptually
constructed as follows [22]. First one would take a random

) ) ) ) ) distribution of electrically small conducting objects dispersed
How might macroscopic nonlocality be introduced into agy5yghout some host medium [as in conventional artificial

artificial material? In effect, we require inclusions ConStr“Cter‘E\aterial; see Fig. 1(a)], then, by means of many parallel
in such a manner that their dipole moments may be inflyny ransmission lines, one would conceptually link every
enced not only by the electromagnetic fields interacting withc|ysion in the medium to one other inclusion some fixed
any given inclusion, but also by the electromagnetic fieldfstance away [Fig. 1(b)]. The connection between the trans-
in_teracting with at least one other incl_usion soma_croscopic mission line and an end inclusion can be made by physically
distance away. Conceptually, one might theoretically accorjiing the end inclusion into two separate parts and then by
pllsh .th_|s, as _sugge_sted b_y Saa‘?'m,‘” and E”Qh?ta [2,0]' [Zétlnnecting each of the two wires of one tiny transmission line
by joining pairs of inclusions withtiny transmission lines 4 5 gifferent part. We label artificial material conceptually
Issues regarding the direct interaction of the electromagn epared by linking many pairs of inclusions in this manner
fields with these tiny transmission lines themselves must Bg ificial “feedforward—feedbackward” (FFFB) media; the
accounted for, but otherwise one can model the material &Fjective feedforward—feedbackwaris meant to convey the
producing polarization and/or magnetization at one locatiq@yion that the medium samples the field at eveacroscopié
partly? in response to fields at another location—exactly Wh3hint and carries the effect of that sample both forward and

~ The wordreduced as mentioned by Felsen and Marcuvitz, is used to 3as with conventional dielectrics, we are (usually) not interested in the
indicate that all the properties of the medium (both electromagnetic afgid surrounding the inclusions; instead, we are primarily interested in the
nonelectromagnetic) are lumped into permittivity and permeability dyadigserage field, averaged over a (macroscopically small) volume containing a
[19, sec. 1.5]. large number of small inclusions. In this sensemacroscopic pointefers

2We say partly because the end-inclusion itself necessarily gives risettoa point within a (macroscopically small) volund&” that contains a large
polarization and/or magnetization fields as in conventional artificial materialumber of small inclusions.

Il. THE IDEA OF ARTIFICIAL
FEEDFORWARD-FEEDBACKWARD MEDIA
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backward (in space) to induce polarization and/or magneti-
zation at some displacedoint, analogous to the feedback
concept of lumped (or distributed) circuits. Saadoun and
Engheta [21] theoretically investigated a nonlocal artificial
material (the nonlocal? medium) composed of inclusions
conceptually formed by linking a short dipole to a small
conducting loop through a length of tiny transmission line.
Located randomly, but each with the same orientation, these
coupled inclusions were shown to lead to macroscopic non-
local properties by inducing an electric (magnetic) dipole
moment at one location partly in response to a magnetic
(electric) field displaced some fixed relative distance. The
length and other properties of the tiny transmission lines
introduce additional degrees of freedom that are not present
in local @ media; these parameters might find some use in
designing artificiall? material for certain applications.

As a generalization of nonloc&l media, we are interested
in examining the properties of a broader class of nonlocal
artificial material in which the end inclusions may take other
shapes. Here we consider the class of paired inclusions that
produce electric polarization at one point partly in response
to an electric field at some other point. More specifically,
we are interested in the case where both end inclusions are
short dipolesdipole—dipole medig as shown in Fig. 2, paired
inclusions are located randomly within the supporting medium
but each pair has some fixed orientation. A discussion limited
to paired dipoles, although restrictive, still has a number efg. 2. One conceptualization of the dipole—dipole FFFB medium. (a) Here,
degrees of freedom (see Fig. 3): we can Specify the absol6iart dipqles are connected by a tin_y two-wire transmi_ssi_on Ii_ne. AIthou_gh

. - . the end dipoles need not be perpendicular to the transmission line as depicted
orientation and Iength of both end d|poles, the structure aﬂge and may, in general, have any orientation; we do require that every dipole
length of the tiny transmission line, and the length separatingar maintain some fixed orientation throughout the material. (b) The same
pair of end dipoles (the separation may be no greater than [IECT 50 8 18, Eelee Tes 2 B con e and the other end
length of the transmission line). Dipole—dipole FFFB mediépoﬁe. This lumped eIeFr)nent depends tljpon the electric field present at the
may be theoretically investigated by accounting for the effeatgation of the other end dipole as well as upon the characteristics of both the
of the paired inclusions through nonlocal constitutive relatiorfgnsmission line and the other end dipole itself. In our analysis, the lumped

. . . _element includes a transmission line, an electromotive force, and a series

and then by solving the macroscopic Maxwell equationg, e qance.
As shown in this paper, the constitutive relations can be
determined by making circuit model (quasi-static) approxima- A
tions for the polarizability of each end-inclusion, but applying dy
transmission line theory for the tiny transmission line and A
then by averaging the total polarizability over a large number

of inclusions to find the medium polarization. As such, we I dy w1

require the end dipoles themselves to be thin and electrically

small; however, we do not require the two end dipoles of each /\

paired-dipole inclusion to necessarily have close proximity d

because their finite separation will be taken into account

through an analysis of the transmission line when we deduce /

the dipole—dipole FFFB media constitutive relations. U L1

Fig. 3. Parameters of the paired dipole—dipole inclusions (used in

ll. CALCULATION OF DIPOLE-DIPOLE dipo[e—dipole FFFB media) ihclude the absolute orientation of each @ple

andd;, the length of each dipolés, anddy, the length of the transmission
FFFB MEDIUM PARAMETERS line L, and the displacement of the dipoles= 11. In this figure, the dipole
Study of the electromagnetic properties of any (artificiafgParation and transmission line length are equal.

material requires one to first formulate a consistent elec-

tromagnetic model for that material and, in particular, foflipole—dipole FFFB medium. For a single arbitrarily oriented

its inclusions. By doing so we determine the appropriaghort dipole, the parallel time-harmonic electric field develops

constitutive relations to be used with the Maxwell equationsg;time-harmonic charge displacement and concomitant current

toward this end we begin our analysis by first considering tlom each dipole stem; as a consequence, a single electric dipole
dipole moments induced on each paired-dipole inclusion of theoment is induced. In the same manner, but for the paired-
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dipole inclusion (shown in Fig. 3), a total of four dipolesuppressed)

moments are inducéd cos(ko) cos[ L kod cos(8)]
py(r) = coassldy - E(r)ld; wy(z) = AT | costhoz - 0) cos(3ked)
Py (1) = cotnsldy - Elr —D)]d, o coslzkod)
P (T) = oty [‘?b - E(r)]d, X from King [25, Equ. IV. 3.26] (3)
Pso(r) = coarpydy. - E(r +1)]dy. (1) 2 sin[3ko(d — 2|z])]
Here, «;; are the polarizabilities] is the displacement from V(%) = ¥ cos(3k,d)
the front dipole to the back dipole, anf} are unit vectors from King [25, Eqn. I'V. 3.27]. 4

indicating the orientation of the end dipoles as shown iln ) th ivolvi . . :
Fig. 3. The subscripty and i refer to the front and back N (2), the term involvingu, (z) is an approximate expression

dipoles, respectively; therefore, the momany(r) is the for the current induced on a thin conducting cylinder, the term
dipole moment produced by charge displacement orbu @nvolving vo(2) IS an approximate expression for the current
dipole due to an electric field across thent dipole. The tiny impressed on a dipole antenna due to a voltage source at

transmission line is assumed to connect the stems with ﬂ;isetermmals, andl = @ —2 —2In2 (with © = 2lnd/a)

sense shown; reversing this connection (i.e., putting a sin e & pz_:\rameter referrefd tohby l;_lngl [25, F;] ﬁ84]| as thﬁ
twist in the tiny transmission line) is tantamount to flippin xpansion parameter (or_ short dipoles), which re a_ltes_ the
the sign of eithed, or flf (but not both). ire current to the magnitude of the vector potential just

The electromagnetic fields may also interdaectly with outside the wire surface. The impedandes Z, and, are,

the tiny transmission lines. An electric field component parallé?Spect'V_ely’ thg |nphut||mse_dan%e of the dlpoled (V|er\1/veéj_ 'nl
to the tiny transmission line will induce currents directly Orﬁrans_ml}tmg rr:jo E)'t_ € loadimpe dance cofnnr?ctre] att ed_lpo €
both wires of the tiny transmission line; these currents md§minals, and the intrinsic impedance of the host medium.

depend upon the direction of propagation as well as upon t e wavenumbek, corresponds to the wavenumber in the

orientation of the electric field vector. The effects of these cuffoSt medium, the angiéis the angle between the wavevector

rents on wave propagation may be somewhat similar to thd¥gih€ illuminating plane wave and the dipole axis ant the

appearing in unidirectionally conducting screens [23] or Supé}ggle between the electric field yector aqd the plane containing
dense dipole arrays [24]. For axial plane wave propagatig@th the wavevector and the dipole axis. By, we denote
(i.e., propagation along the axis of the transmission line) aH?_Je m_agmtude of the_ incident e'_eCt_“C e transverse to the
for end dipoles oriented perpendicularly to the transmissiglf€ction of propagation of the incident wave. By invoking
line, the wave has no electric or magnetic field componerft€ €quation of continuity(z) = —(1/jw)dI(z)/dz, one
along the direction of propagation (the wave is TEM) andan determine the corres_pondmg_charge distribution along
therefore, the aforementioned transmission line currents are Hist @ntenna. Then, by taking the first moment of the charge
generated. In this paper, we only study the case of propagatfBtriPution and neglecting higher order terms:od, one finds

of plane waves in the axial direction, so by virtue of thifhe following expression for the dipole moment of a short

restriction, the direct interaction of electromagnetic fields witfiPO!€:

the transmission lines is not taken into account. B E,d%costsing  E,d’cosvsing) | (5)
- 12jwZ 4jw(Za+21) )"
A. Circuit Model Analysis The first term approximates the dipole moment due to the two

To calculate the induced dipole moments (1), we firsiems of the dipole when the load is replaced by an open
determine the approximate current and charge distributioff&cuit; for reference, we denote this contribution jpy ™.
along the end dipoles when they are illuminated by a plaﬂ_@e second term |r_1cor_porates the effects of thg Ioaq and can be
wave, and then find the moments of these charge distributiofi@oWn to have a circuit analog when the quasi-static approach
For example, consider a short center-loaded dipole with lend&€mployed. In this approach (e.g., [6], [21]), the electric field
d and radiusa (with o < d) connected to a load impedancénduces a quasi-static electromotive force across the dipole
Zr.. One well-known expression for the current along such!&Minals€ = F,d. cos ¢ sin 6 bringing about a current at
dipolé® is given by King [25, pp. 464-467] as the dipole terminald = £,4/(Z4 + Z.). The input impedance

Z 4 of a cylindrical dipole having some particular length and
I(z) = EOC—_OS?/’ o(z) — UO(Z)MUO( ) radius may be read from a chart (e.g., [25, p. 155], [26, sec. 4-
ko sin 6 Za+2L 2]) or may be calculated by various analytical and numerical
from King [25, IV. 4.15] (2) techniques (e.g., [25, sec. I.27], [27], [28, ch. 7]). For our
for plane wave illumination where (with/* time dependence purposes, we use the approximate analytical expression from
King [25, p. 192] for the reactive component of the impedance
of a short dipole

4MKS units are used throughout; accordingly, = 47 - 10~7 H/m and
€0 = 8.854-107'2 F/m. X, = —120(2 — 2 - 2In2) (Ohms
Swithout lack of generality, the dipole is taken to coincide with thaxis, kod

extending fromz = —d/2 to z = +d/2. from King [25, Eqn. IL. 31.50] (6)
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and rewrite here King’s approximate expression [25, p. 19Bfopagation constant and a characteristic impedangg. In
for the input resistance of a short dipole far= 10 our approximations, the transmission-line wavenumber is not
Rt = 4.58(kyd)*[1 + 0.022(k,d)?] (Ohms) mflyenced by the polarizability of the medium; the charact_erls_—
) tic impedance depends upon the geometry of the transmission
from King  [25, Eqn. II. 31.46a]. (7) " line, which we take to be a two-wire transmission line having

The input impedance is clearly largely reactive for very shoftosely spaced thin conductors of circular cross section.
dipoles and, thus, we only take the reactive part of the inputNow we follow the previously demonstrated procedure to
impedance into account in our model and neglect the resisti@termine all four polarizabilitiess s, auy, cvpp, and app as
part. The effective lengfhd, appearing in the equation fgr defined in (1); to determinay s, seté, = 0, &¢ = Eo(r)d; /2,
is given byd. = d/2 for short thin dipoles. a_nd usel; as the polarizing current in the expression for the

The time-harmonic dipole momens is determined by dipole moment
the charge and its displacemept,= Qd.d, with d a unit

vector indicating the direction of the dipole moment, _ Lpdsdy

pff('r) = CoOéff(Aif[(Aif . E('r)] _i_pstems. (9)

the antenna effective length, angd the displaced positive 2jw
charge. Noting/ = jw@, the dipole moment readg = . .
[d2E, cos 1 sin 0]/ [4jw(Z.4 + Z1)]d as before [compare this Solving for oy yields
expression to the second term in (5)]. Therefore, if we know 2
df Tlo 3770

the current/ at the dipole terminals, we can follow the above
guasi-static technique to find one portion of the induced dipole
moment. To determine the appropriate form of this dipole

moment for the inclusions of dipole—dipole FFFB media, %here TL(Z) - ZolZ cosh(yL)  +

= LA 10
= Tk, | Z; T Zs+ TL(Zy) (10)

use a Thevenin equivalent circuit [29, p. 68], [30, p. 4 osinh(yL)]/[Z, cosh(yL) =+ = Zsinh(yL)] IS the

for each end dipole and then use transmission line theor parent impedance of a lodfi as seen through a length

to determine the terminal currents of the paired end dipoleqs transmission line with parameters and Z,. A similar

To this dipole moment we then add the first term of ( rocedure establishes the back—back polarizability
corresponding to the dipole moment arising from polarization &2

o 3 o
of the individual stems of the end dipolégs*<™*). Qg 7 7

T 125k, |2 Zy+TL(Zp)|

(11)

B. Transmission-Line Analysis For the front-back and back—front polarizabilities, we use
Analysis of the transmission line circuit shows that thelectromotive forces and currents at opposite ends of the

terminal currents are given by transmission line; as an example, foy, setf; = 0,& =

E,(r+1)d,/2 and usel; as the polarizing current

- 0 - Isdsd
Iy = ZyZ, Ps(r) = coapdyldy - E(r +1)] = —fgxf L (12
(Z; + Zy)cosh~L + <ZO + 7 )sinh'yL Jw

0

Z
=&+ &y <COSh ~vL + 7fsinhfyL)

Z yielding the front-back polarizability
=&+ & <COSh ~L + 7Sinh’yL> i
= 2 vaf
x Zyly\ . ®) U= Yk
(Z; + Zy)coshyL + | Z, + 7 sinhy L JFo

o]

where the subscriptg and b refer to thefront and theback . "o

dipole inclusions; accordingl and Z, represent the input ZZy\ .

imppedances of the front a?u)jzl);ack dipoleg, respectivels, and (Zs + Z)coshyl + <Z° + Z, )Smh’yL

I; and I, represent the current flowing into the front and (13)

back dipole terminals, respectively, from the transmission line.

The transmission line of length. is described by a complex As our circuit model predicts (and as a necessary condition

for reciprocity), the back—front polarizability has an identical

6The effective antenna length referred to here coincides with the definiti§KPression, s@w s = a .

supplied by King [29, p. 68}i. =IZ 4 / Ein., Wherel is the terminal current

of a symmetric unloaded dipole antena, is the antenna input impedance .
(when the corresponding antenna is used in transmit mode)Eandis C- lllustrative Examples

the magnitude of the parallel normally incident plane wave electric field. . iepe .
Physically, this definition corresponds to the voltage induced across the open—Before we proceed to use these polarizabilities in analyzing

circuit terminals of a dipole, divided by the electric field magnitude excitin@ulk FFFB media, we examine the dipole moments and
the dipole. polarizabilities as expressed in (1), (10), (11), and (13) for
In general, the transmission line lengthand the dipole separatidncan  gome special cases. The first case we consider is the limit
be independent variables, related only by the constfaiitZ.. However, in h h d dibol di | d h .
this paper, we always take= L. Here L should not be mistaken for the when the en Ipoles are directly connected together (|-e--

customary variable representing inductance. ! = L = 0) and are identicald = d, = dy; correspondingly,
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Z = Zy = Zy is the input impedan_ce of either end dipole). ‘A’fT Tab ‘A’fT VA’b
For these parameters, the above dipole moments reduce to s o
=L 34 B, pr) = —ad, - E(r) |
P\t = o507 %% R LAYV A el E
—d2 .. —d? . . -@:I:O I <0
be(T) = Wdfdb - E(r), be(T) = W b f E(r). 4] ]r
(14) U

To construct an artificial material with these inclusions, one
would conceptually position dipole pairs at random locations @ ®)
throughout the host medium (although all inclusions would
have some fixed orientation); we denote oyhe number of
front-dipoles per unit volum&.If n is not too large and if
we neglect interaction among neighboring inclusidrigen
the net polarization at any macroscopic point is given by the
sumP(r) = np(r) = n[ps(r) + pu(r) + Poy(r) + P (1))
Whend, andd; are collinear, then eithes(r) = 2p**™ or
p(r) = 8p°**™* depending on whethet, = d; or d, = —d,
respectively (as shown in Fig. 4(a) and (b)]. Now supp@),se
andflb are not collinear; then the transverse electric Helds

two components that can be expressed {@a+ d;,ds —d,) Fig. 4. Polarization of the dipoledipole inclusions in the lirhit= 0 for
basis collineard, andd;. (a) The only polarization arises from the polarization of
the individual dipole stems sinckvanishes at the terminals. However, here

Elf + (Aib (Alf _ (Aib in (b), the current at the terminals does not vanish and dipole moments are
_— F ( ) (15) induced across the entire dipole. Polarization of the dipole-dipole inclusions
|df +db| in the limit L = 0 for noncollineard; andd;. (c) There is again only
polarization from the individual dipole stems since the curtenanishes at
In terms of these componentsE(r), the total dipole moment the terminals. However, here in (d), the current at the terminals does not vanish
so there are induced dipole moments across the entire paired-dipole inclusion.

E(T)=E+(T)< @)

reads
—E & L—(d -d 3f —dy in both the transmission line and its terminations, as well as
p(rw) =E_(r)o—[1 = (do - dyp)]| =——~ - cion [i
3jwZ |d; — d| tolerances in the lengths of the transmission lines. The nature
) N N of these resonances is similar to those observed in lumped L-C
+ E (r) d ~ [1+ (dy - df)] M . circuits; since bo_th end dipoles have been replaced by ref_zlcti_ve
12jw |ds + dy| elements (capacitances), then for some length of transmission

(16) line the reactance of one end dipole will be transformed into
the conjugate reactance (an inductance) of the other end dipole
As can be seen from Fig. 4(c) and (djiy only induces causing the entire circuit to resonate at the operating frequency.
dipole moments across individual dipole stems since thgnce thin dipoles have a larger negative input reactance than
current vanishes at the antenna terminals. On the other hagglithick dipoles, the polarizabilities correspondingte= 10
E_ induces a dipole moment across the entire paired-diplg not have as much variation in the nonresonance regions as
inclusion since the antenna terminal currents do not vanishgg those fo2 = 6. Also, since the input reactances for= 6
As a numerical example, we investigate the polarizabilitieghd 0 = 10 are different, we notice that slightly different
for two particular sets of parameters. Specifically for thRngths of transmission line are required to bring the circuit
purpose of plotting, we choose the fixed vallie- 0.1 A, with  into resonance.
transmission line parameters= jk, = j2m /A, andZ, =  Wwhen the end dipoles and the connecting tiny transmission
0.937, and plot the two unique polarizabilities= css = au,  line are mutually perpendicular, then we name the inclusions
and 8 = ayy = ap from (11) and (13) as a function of crossed-dipole feedforward—feedbackwandlusions. If now
normalized transmission line length = L/, for dipoles these paired dipole inclusions are dispersed throughout a
of two different radii ({2 = 6 and 2 = 10). These plots are host medium, then we name the resulting mediassed-
shown in Fig. 5. Notice the sharp resonances that appear wisgble feedforward—feedbackwamhedia. The paired-dipole
L is just short of integer multiples ok, /2. In reality, such jnclusions are placed at random locations within the host
sharp resonances would be broadened because of dissipati@ium; however, the orientation of each inclusion is the

8Since all the end dipoles are paired, the density of back-dipoles is the sap@N€. Here, we choose the front dipole parallel toatteis,
as that of front-dipoles; as a result, in total there Zwedipole inclusions per the back dipole parallel to thg axis, and the transmission
un;tlvilhume dlsmbl:-ted thro.u%houtt tte hOft rtrr\]edlum. dcat it <t line along thez axis (i_e”df =%, d, = —9, andl = l;?)_
n the next section, we indicate Lorentz theory modifications that should -.: :
be made to the medium polarization to account for quasi-static interactiﬁ]OtIC.e that bec_aulse Qf the conn_ectlgn ,Of the s'tems th_rOUQh
among neighboring inclusions. the tiny transmission line (see Fig. 3, is associated with

19Transverse in the plane formed Hy andd;. —4 (rather thang).
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(-10-9) _ the element is entirely different from conventional inclusion
=10 loads.) At the same time, when the averaging process is carried
| out, we only average over a volume whose dimensions are
large compared to one end inclusion and not necessarily large
compared to the entire paired dipole structure (otherwise, the
macroscopic nonlocal effects would vanish in the averaging).
Other than these slight modifications, the Lorentz theory as
applied to local artificial material is directly applicable to
: ; nonlocal artificial material. This being the case, we recall that
—2r 1 the Lorentz field (viz., the polarizing, or effective field) is
: : \ given by Er(r) = E(r) + (1/3¢,){P4(r)), where E(r) is
L N ‘ r the average field (viz., the macroscopic field) aff@;(r))
0.0 0.5 1.0 1.5 2.0 . . o . )
is the average dipole polarization in the medium, given by
A=T/ N (Pq(r)) = np(r). Here, n is number of front inclusions
() (see footnote 8) per unit volume amdr) is the total dipole
moment of any single pair of dipoles; specifically(r) =
31 3 ' ' ] Psp(r) + pu(r) + Pop(r) + pp (7). The brackets inPy(r))
f ? serve as a reminder that the medium polarization is averaged
: over a microscopically large yet macroscopically small region
Q. \l ‘ BecauseP,(r) includes contributions from dislocated elec-
-1 m tric fields [see (1)], we move into the wave-vector domain by

of space; for sake of convenience and brevity, we hereafter
drop the averaging notation and assume all field quantities are
_al ; , taking a spatial Fourier transform. Accordingly, the material
‘ ‘ ’ equations in thé domain can be written &5

averaged over the same region of space.

-3t — (-6 .
‘ L 0=10] ! . ~ .
0.0 0.5 1.0 15 2.0 P(k) =c,na(k) - Er(k) (17a)
A=L/\, D(k) = ¢, E(k) + P(k) (17b)
(0) BL(k) = E(k) + —P(k) (17¢)
Fig. 5. (a) The normalized polarizability/\3 as a function of normalized 5 . %CO
lengthA = L /A, for two dipoles of two different radif{? = 6 and2 = 10). D(k) = 60%(]‘;) . E(k) (17d)

(b) The normalized polarizabilityy/ A3 as a function of normalized length

A = L/)X,. In both figures, for the purpose of plotting we set= 0.1 \,, . . . .
5 = jk/o Z, = 0.939770 and fix thepfrepquency %f opj’raﬁom,mwmg the Where the tilde embellishment denotes a spatial Fourier trans-

length of the tiny transmission lingL) to vary. formed quantity. Here we associafei(k) directly with the
medium polarizationP(k), attributing all the medium polar-
ization to the collection of dipole moments arising from the
end dipoles. The quantits(k) is determined by setting:,

_ ] ) ) . as the polarizing fieldE in (1) and using the equation for
When the dimensions and density of the polarizable InC|l<IPd(,,.)> to write an equation in the form (17a)

sions comprising the material are such that interaction between

neighboring elements is primarily through the electric dipole g(,w;) =(assdsd;s + cppdydy + oy pdyd et

term alone, then Lorentz theory (e.g., [31, sec. 4.5], [2, sec. N ik 18
12.1]) can be used to determine the effective polarizability +apdpdye™"). (18)
of the bulk medium. As a consequence, the influence of tt\)@

. . . S e note that in this mediumy s, = asy; furthermore, in the
mcluspns can be described by a net electric dipole momes%dy reported in this paper, the medium only exhibits a FFFB
per unit volumeP (r). =

Although the Lorentz theory requires the inclusions themn:nechamsm along the axial direction (viz., thdirection), sav

selves to be small, the use of Lorentz theory for FFFB medﬁ)nly.depends upon the axial wavenumhgr The c.onst|tut|ve-
rq ations can now be determined by substituting (17c) into

does not require the overall paired dipole structure to be sm a) and writin P(k) in terms of the average fielﬁ?(k)
since the role of the connecting length of tiny transmission ”%sin the resulti?w expression fd(k) in (17b)g one finds.
is handled through the nonlocal constitutive relations (shown g g exp '
shortly). Referring again to Fig. 2(b), each end dipole can be D(k) — {?_i_ ﬁ_ ln%(k)]—l ~n§(k)} ) E(k). (19)
modeled as an element (with field-dependent characteristics) ¢ 3

connected to the opposite dipole through a length of tiny'The main thrust of this paper is in studying the electromagnetic effects
transmission line. In this way, the mediugffectively has of a FFFB mechanism in artificial material and not in singling out a particular
loaded inclusi d b " ilar t ti | artifici ixing rule to be used in modeling composite media. As a consequence, we
oaded Inclusions and can be similar 1o conventonal artimclgde here one well-known method for finding the average dipole polarization

material. (Of course the nonlocal field dependent nature &fd effective permittivity.

D. Lorentz Theory Applied to
Feedforward—Feedbackward Media
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From (17d), one recognizes the term in braces as tiée now consider the special case when the end dipoles are
anisotropic effective relative permittivity(k); in our model identical; oncea = ay; = aw and 8 = auy in (21), then

we take the effective permeability to be a scalar equal: = ¢, consequently, the two families of roots to the
to that of the host mediuns,). For the crossed-dipole dispersion equation are given by the expressipn = ¢, £¢

inclusions, a(k) is given by a(k.?) = [#Eas; + gy, — With the corresponding polarization eigenstates
-@.’i'?bfc'ka;l t_t@abfewk;z]. yieldti)ng a relative permittivity, Ei(7) = Ey(gei?™18 | g)e—ikon=
in tensor notationx, y, z) given S NS A
@ y,2) g Cy o Ey(2) = Ey(—gei?™*28 4 g)e ko=, (26)
€rm e IR0 ) . . .
%(kzé) — | ¢etikst . 0 (20) Here, A = I/}, is the normalized dipole displacemé&ht
0 o1 (\, is the host medium wavelength) and the superscripts (1)
and (2) denote the first and second eigenstates, respectively.
where Provided sin(27s1A) sin(27s.A) > 0, the two elliptically
(1— %nabb)(l_l,_%naff)+2(%nabf)2 polarized eigenstates are seen to have opposite senses of
Cor =7 1 1 — /1 2 (212)  rotation. If the medium constituents (viz., the dipoles and their
(1= 3nap)(1 — 3nays) — (5n00y) . T .
! 5 L ) connecting transmission lines) are lossless and, if we look
€yy = (1- glnoéff)(l + §”04bb) + 2(15”0%1“) (21b) ©only at propagating solutions, theq ands; are real and the
(1= gnaw)(1 — znayps) — (znaps)? magnitude £, / E..| is always unity. Notice that whemx < 1
¢ = —NQyf 21¢) andng < 1 (for instance, when the concentration density is

made sufficiently small), then the normalized wavenumbers
. are given approximately by; » = 1 + (n/2)(« £ 3). The
Notice thatz - €(k.Z) - Z is unity since, in the present study difference between normalized axial wavenumbsars- s, =
we have neglectedirect interaction of the axial electromag-»3 does not vanish sincg is nowhere identically zert
netic field with the transmission line. In these equations, theis interesting to note that propagating waves traveling in
polarizabilitiesags, oy, andasy (= o) are those reported the axial direction of this medium share certain features with
in Section I1I-B. waves propagating in isotropic chiral media; for example, the
eigenstates of both media consist of counter-rotating fields
IV. AXIAL PLANE WAVE PROPAGATION IN UNBOUNDED with different wavenumbers; however, in crossed-dipole FFFB
SOURCEFREE CROSSEBDIPOLE FFFB MEDIA media, these eigenstates are, in general, elliptically polar-
ized whereas in chiral media they are circularly polarized.
\gJé)on re-examination of the geometry of the crossed-dipole
Inclusions (see Fig. 3), we notice that if each crossed-dipole
R paired inclusion is divided by shearing the connecting tiny
k% [k x E(k)] +w? e e(k) - E(k) = 0. (22) transmission line along its axis between the two wires, then
) ) ] ) ] both halves of the original inclusion are themselves chiral
Since, in this study, we are concerned only with axial propagggjects (with the same handedness for each half). Individually,
tion, we setk = k.z and then normalizé. by k, = w\/lio€o  each of these chiral inclusions resembles the chiral hook
(the host wavenumber), finding enantiomorph studied by Theron and Cloete [¥1Dnlike
[32(?— 25) — %(kosé)] -E(kosé) -0 (23) isotropic artificigl ghira_\l media, whi_ch V\_/ould _be synf[hesized
by randomly distributing small chiral inclusions with ran-
where s = k./k,. Written out component-wise, the abovedom orientations, the inclusions in our conceptualization for
equation represents a system of algebraic equations; we lapéssed-dipole FFFB media all have some fixed orientation
for nontrivial solutions by setting the determinant of th€and are not necessarily small). Because of these differences,
bracketed term in the above equation to zero the eigenstates for crossed-dipole FFFB media are not, in
9= o = R general, circularly polarized (as would be the case for isotropic
det[s*(] — 22) — €(k,s2)] = 0. (24) chiral media).
Equation (24) is the soughtispersion relationand as such ~ Plots of the normalized wavenumber as a function of
it establishes the relationship between wavenuniberand normalized length (for certain parameters indicated in the
frequency. that must be satisfied for axial plane wave prop&aPtion) appear in Fig. 6; some features of these plots are
gation in unbounded source-free crossed-dipole FFFB mediQrth mentioning. First, forl,. = 0 (i.e., local media), the
Once the eigenvalues® are determined, the polarizationnormalized wavenumbes, is influenced only by polariza-
eigenstates are easily obtained by substituting the eigenvalligg of the individual dipole stems, whereas the normalized
back into (23) and satisfying the resulting algebraic system. 12since . = 1, the variableA defined here is the same as that defined
For crossed-dipole FFFB media, we first substitute tigarlier when used to indicate normalized transmission line length.

s S ) 13 L L .
relative permittivity (20) into (24) and then solve (24) for the 14Ofc'ourse,the functlgrj (and for that mattet) both vgnlsh ifd vanishes.
t ts 52 iven b As introduced by Tilstoret al. [32] and later mentioned by Roy and
WO roots 51 , giv y Shafai [33], a single layer (rather than a medium) of certain properly-designed
€+ € coupled-dipole inclusions—resembling the dipole—dipole inclusions investi-
3% , = WY 4 %\/(Gm — 6yy)2 +4¢2. (25) gated here—may have interesting application in the design of polarization
’ 2 selective surfaces for circular polarization.

(1= gnaw)(1 — snagyp) — (3nayp)?

Having already written the constitutive relations in the
domain (as indicated in the last section), the resulting wa
equation in thek domain is algebraic:
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Fig. 6. Plots of normalized wavenumbets = k./k,) as functions of (b)

normalized transmission line length for two dipoles of different ré@i= 6
and ! = 10). (a) The first root to the dispersion equation. (b) The secol
root. In both figures, for the purpose of plottingA? = 800, d = 0.1 A,,

v = jko, Z, = 0.931,, and we allow the transmission line length) to
vary, keeping the operating frequency fixed

qIfi'g. 7. Plots of normalized wavenumbés = k./k,) as functions of
lative frequency fof2 = 6 and{2 = 10. (a) The first root to the dispersion
equation is displayed. (b) The second root. In both plots we account for
the change in the dipole input impedance with frequency. The normalized
transmission line length was fixed & = L/, = 1.5. Additionally, for

the purposes of plotting, we set\} = 800, d = 0.1\, v = jko, and

. . . : Zo = 0.937,. In each of these expressions, = c,/f- is an arbitrar
wavenumbes, is larger since the corresponding wave induc€gtqence W’g“velength (a constant). P Mo = cof fr Y

dipole moments across the entire end dipole. For this case, ob-

servation of the corresponding polarization eigenstates shows

that both wavenumbers are associated with linear polarizéddiven frequency, the wavenumbers are periodic functions
waves whose electric fields make an angle of eithdf® or of A. Thus, a medium composed of crossed-dipole inclusions
+45° to the positiver axis. As a result, one way@, ) strongly With normalized line length\ = » + = behaves (as far as the
interacts with the dipole inclusions, while the otl{er) does Wavenumber is concerned) the same as one with normalized
not interact as much. Next, we notice that for certain line lengthA =z, wheren is any integer.

the wavenumber experiences strong resonances and becomB¥ots of normalized wavenumber as a function of relative
completely imaginard? immediately following the resonancesfrequency appear in Fig. 7; in these plots the normalized
In these regions, the wave is evanescent and, hence, carfi@@smission line length is fixed. We notice that the resonances
no power. We notice that the evanescent regions occur fisicur at different operating frequencies for the two different
different A for the two different eigenstates. So while on&igenstates. Fig. 8 shows the phase by whichjthemponent
wave may be evanescent, the other propagates freely; ®iishe electric field leads the component for both polarization
feature might find some interesting potential application iigenstates. When the angle i$ Or 1807, the polarization

the design of future microwaves devices utilizing such FFFB linear (along the major axis of the degenerate polarization
media. As seen by the differences between the plot@fer6  ellipse) and when the angle is 9@r 270 the polarization
andQ = 10, it is possible to broaden the evanescent regidd circular. All other angles describe elliptically polarized
by changing some parameters (especially the dipole inpmaves. It is interesting to note that for certain rangesAof
impedance). While our model may be inadequate to determiiie argument oft,, /E.,. is roughly a linear function of\.

the exact field structure within these regions, one can speculki@wever, near the resonances; A (or s;A) becomes large
that evanescent regions will be present even if a more refingad the phaserg[E,,/E,.] changes rapidly. Note thatithin
model is employed. Finally, we notice from Fig. 6 that, fothe evanescence regions the two components of the electric

15As required by the condition of boundedness at infinity and becausefﬂﬁl(;I are either in phase or 1?30)Ut of phase, so in these
our time convention, the imaginary part ofis negative. regions the anglerg|E,,/E.,.] is constant.
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Fig. 8. The phase by which thecomponent of the electric field leads thecomponent for both wavenumbers when= 6 andQ2 = 10. (a), (b) The phase
associated with the first root to the dispersion equation is displayed. (c), (d) The phase associated with the second root is displayed. In sa{a®un plot
Fig. 7) nA? = 800,d = 0.1 A, v = jko, Z, = 0.93 1., and we allow the transmission line length) to vary, keeping the operating frequency fixed.

Additionally, we point out an electromagnetic symmetryhe polarization eigenstates, novel polarizers—or polarization
feature of crossed-dipole FFFB media. Namely, if an obsenfiiters—could be realized. Such polarizers might find use in
positions himself in the medium arldoks toward +z and radomes and could be used to separate waves by polarization
then turns around to look towardz, he would need to tilt his or by angle of refraction. Since we have shown that different
head 90 in order to see the same medium. In other words, éigenstates (for axial propagation) have different wavenumber,
in (26) describing the polarization eigenstates one substitutbsmination of an interface separating a FFFB medium and a
—s2 (—s1) in place ofs; (s2) to denote propagation in thesimple medium, with the interface oblique to the direction of
opposite direction, then the same set of waves is described othig tiny transmission lines, would produce waves in the simple
if the = andy axes are changed tpand —z, respectively.  medium having a direction of propagation depending in part
upon the wavenumber of the corresponding eigenstate in the
FFFB medium.

Moreover, for the crossed-dipole case, we have shown that,

In this paper, we introduced one conceptualization of an general, the permitted polarization eigenstates trace out
artificial feedforward—feedbackwamiedium as an example of counter-rotating ellipses, so, like chiral media, these media
a material that seems to exhibitacroscopicfeedback. As may have potential application as polarization rotators: by
our particular example, we considered dipole—dipole FFR@lowing a linearly polarized plane wave to illuminate a slab
media theoretically conceptualized by dispersing many dipolet crossed-dipole FFFB media, the wave emerging from the
throughout an isotropic host medium and linking pairs of the$ar-side of the slab may have different polarization from the
dipoles by parallel tiny transmission lines. The extra degréecident wave. We have also found that the phase by which
of freedom offered by the length of the link between the emghe component of the axial wave electric field leads the other
inclusions of coupled-dipole FFFB media may offer interestingpmponent may, for certain ranges of parameters, be nearly
possibilities in the design of future microwave devices. Ore linear function of the normalized transmission line length
may speculate that by judiciously selecting the length &br both polarization states (unlike, for example, chiral media,
the connecting tiny transmission lines and thus modifyinfpr which the polarization states are circularly polarized). This

V. SUMMARY
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property introduces the possibility of engineering a medium7?] , Crystal Optics and Additional Light WavesMenlo Park, CA:

that permits certain desired polarization states at the far Si[qg] E?nljzirgrlg/(;?]n(;mlghgliélt?/?s"‘Basic concepts and formalism of spatial

of the slab_give_n some sp_ecified inCidtet wave. o dispersion,” in Spatial Dispersion in Solids and PlasmaB. Halevi,
Future directions for this work may include examination Ed. New York: North-Holland, 1992.

; ; ; A 9] L. B. Felsen and N. MarcuvitzRadiation and Scattering of Waves
of obligue wave propagation in crossed-dipole FFFB medi& New York: IEEE Press, 1994,

(taking into account the effects of direct interaction of th@o] M. M. I. Saadoun and N. Engheta, “A reciprocal phase shifter using
electromagnetic fields with the parallel tiny transmission lines), novel pseudochiral of2 medium,”Microwave and Opt. Technol. Lett.

PR : : s« VOl 5, pp. 184-187, 1992.
wave propagation in bounded FFFB media, and dyadIC Greer[b , “Theoretical study of electromagnetic properties of nonldeal

functions in FFFB media. Although in this study we have ~ media,” in Progress in Electromagnetic Research (PIER) Monograph
focused on dipole—dipole FFFB media, other end inclusions Series Vol. 9 on Bianisotropic and Bi-Isotropic Media and Applicatjons

. . A. Priou, Ed. Cambridge, MA: EMW, 1994, ch. 15, pp. 351-397.
can also be considered. One may, for instance, use a s C. Moses and N. Engheta, “Theoretical electromagnetic modeling of

loop, or a combination of a loop and a dipole, in place of nonlocal-coupled-dipole artificial dielectric—Preliminary results,” in
each end dipole, thereby creating the possibility of construct- Symp. Dig. 14th Annu. Benjamin Franklin Symp. New Frontiers Antenna

. . L . A . Microwave Technol.Philadelphia, PA, May 1996, pp. 92-93.
ing effectively bianisotropic artificial media. Work by otherz) s 'N. Karp and F. C. Karal, Jr., “Excitation of surface waves on a

researchers (e.g., Saadoun and Engheta [21] and Auzanneauunidirectionally conducting screen by a phased line soute&E Trans.
and Ziolkowski [34]) has already begun in this direction, s'% Antennas Propagatvol. AP-12, pp. 470-478, July 1964.
g.

. . ' “[24] S. W. Schneider and B. A. Munk, “The scattering properties of “super
the future application of these types of media seems promisi dense” arrays of dipoles/EEE Trans. Antennas Propagat.ol. 42, pp.

463-472, Apr. 1994.
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