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The possibility to simulate an effective medium with a permittivity close
to zero in some frequency band with as consequence that such a medium
suitably excited behaves for the outside world as an ultrarefractive an-
tenna with a narrow radiation pattern was recently proved. We prove here
that slabs and cylinders made of a Tellegen chiral metamaterial with zero
permittivity excited with a time harmonic filamentous current respecting
the symmetry of these structures constitute ultrarefractive antennas. We
also analyze the equations satisfied by the electromagnetic field inside and
outside a metaTellegen paraboloid of revolution excited with an electric
current running along its axis.

PACS numbers: 41.20.Jb, 42.25.Bs

1. Introduction

Numerical evidence of ultrarefractive optics was recently proved with
the conclusions that a dielectric photonic crystal can simulated an effec-
tive medium having a permittivity close to zero in some frequency band [1].
Then, introducing a radiation source in such a structure with an excita-
tion frequency that lies within the specified pass band, builds up an an-
tenna having a significantly narrow pattern in the far field outside the struc-
ture [2-5].

These results stimulated further investigations, for instance, metaslabs
are considered in [6], as well as cylinders and spheres, made of a Drude
material with zero index of refraction and matched to surrounded free space.
These structures excited by a proper electric current are shown to behave
as antennas with a narrow far field pattern.
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A similar analysis is performed here in a somewhat different context with
slabs and cylinders made of a lossy Tellegen chiral metamaterial [7] with
zero permittivity in some frequency band so that the constitutive relations
become

D =—ifH, B =uH +iF, i=+—1. (1)

Permeability p and chirality £ are complex functions of the angular fre-
quency w. These structures are excited with a time harmonic current, of
the filament type, respecting the slab and the cylinder symmetry. Thus,
fields are not disturbed by reflections at boundaries, but this condition is
impossible to satisfy for a sphere. These metaslabs and cylinders, excited in
this way in a convenient frequency band are shown to be antennas with an
ultranarrow radiation pattern. We also consider a meta-Tellegen paraboloid
of revolution around the z-axis with its apex at the origin of coordinates
while an excitation current runs along 0z and, we analyze the equations sat-
isfied by the electromagnetic field inside and outside this structure but we
do not discuss their solutions.

Maxwell’s equations in presence of a charge e and of a current j7 have
the general expressions for harmonic fields with the factor exp(iwt) implicit
throughout and ¢ =1

VxH—iwD=3j, VxE+iwB=0, V-D=e  V-B=0, (2)

with the conservation relation V - § + iwe = 0.
In a Tellegen medium of zero permittivity with the constitutive rela-
tions (1) these equations become

VxH-wH = j, et+itV-H =0,
VxE—-wéE +iwpH = 0, uV-H+EV-E =0. (3)

We start with a discussion of 1D-slab antennas.

2. 1D-Tellegen metaslabs with zero permittivity

As a preliminary, we consider a situation in which the fields depend only
on z, e = 0, and the current 7 has the components

jCC:jO 5(2)7 jy:jzzoa (4)
in which jo is a constant and §(z) the Dirac distribution. Then, E, = H, =0
the divergence in Egs. (3) are satisfied and the curl in Egs. (3) become

0, H, + w€ Hy + jod(z) = 0, 0, Hy —weH, =0, (5a)
0.Ey +wéE, —iwpH, = 0, 0.E, —w&Ey+iwpnHy, =0. (5b)
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Eliminating H, from (5a), E, from (5b) gives the 1D-inhomogeneous wave
equations

02H, + w*¢® Hy = —wé jod(2), (62)
O’E, + W E, = iwp [2wE Hy + jod(2)]. (6b)

Now, the solution of the differential equation y” + w22y = f(2) is
y = c1(2) sin(wéz) + c2(z) cos(wéz) , (7a)
in which the amplitudes ¢;(2), c2(2) have the derivatives
ci(2) = (L/wg) f(z)cos(wéz),  &(z) = —(1/w€) f(z)sin(wz). (7b)

For the right hand side of (6a), f(z) = —w& jo d(2) and the corresponding
primitives ¢ 2(2) are given in Appendix A: ¢1(2) = U(2), c2(2) = 0. Then,
according to (7a), the solution of (6a) is

H, = —j sin(w&z)U(z), (8a)
while we get from (5a) and (8a)
Hy = —jo cos(w€z) U(z). (8b)

In these expressions, U(z) is the Heaviside function U(z) =1 for z > 0,=0
for z < 0.
Let us now write the right hand side of Eq. (6b)

F(2)=f2) + f1(2), fO) =iwpjod(2), f'(z)=2iwnEH,. (9)

We get B, = E?+ E! and comparing f°(z) with the right hand side of (6a)
gives at once according to (8a):

Ey = = (ip/€) Hy = (ip1 jo/&) sin(w¢ 2) U(z), (10)
while for f1(2) the derivatives of (7b) become

¢y = 2iwp H, cos(wéz) = —iwp jo sin(2wéz) U(z) ,
dy = —2iwp H, sin(wé 2) = 2iwp jo sin®(wé 2) U(z) . (11)

The primitives ¢; 2(z) are also obtained in Appendix A and we get
c1 = —(ijop/) sin®(WE2)U(z), 2 = (iou/Ew = — sin(2wé 2)/2]  (12)
so, according to (7a)

E, = (ijou/€)wé = cos(wé 2) —sin(wé 2)] U (2), (13)
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and taking into account (10)
E, =E)+ E! =ipjowz cos(w 2) U(2) = —ipw 2 Hy, . (14)
Now, we get from (5b)
B, = (1) 0., + in/¢ H, . (15)
and according to (8b) and (14)
Ey = —ipjowz sin(w 2) U(z) = ipwz Hy . (15b)

The average Poynting’s vector at the angular frequency w has only a non-
null component in which the asterisk denotes the complex conjugation

S. = 'hRe(E.H; — E,H), (16a)
and taking into account (14), (15b) we get according to (8a) and (8b)
S. = Tl 2/2) (HLH; + H 1)) U(2)
= Im[(pwz j§ /2) cos{w(€ — €N U(2), (16b)
so that in a lossless medium S, = 0 since p is real.

We now consider a 1D-Tellegen slab with filamentous boundaries —oco <
r <ooat z=—dand z =d. A time harmonic filamentous current exists
along the axis z = 0 with the expression (4). Then, the electromagnetic field
inside this 1D-slab has the components (8a), (8b) and (14), (15b) since by
symmetry the reflected fields on the boundaries cancel each other.

To analyze the behavior of this Tellegen metaslab as an antenna, we
need the solutions of Maxwell’s equations in the outward free space. Now,
in a medium with permittivity g, permeability po, Maxwell’s equations for
fields depending only on z reduce to Ei =H ;r =0 and to

0.H) = —iwsgEL,  0.H} =iweo E}, (17a)
0.E} = iwpo HY, 0.E} = —iwpo H . (17D)

Eliminating ch,y gives the wave equations (92 + ngw2)HLy =0, nZ = eopo,
with the solutions

H:Tr,y = Agy cos(wngz) + By ysin(wnoz) , (18a)
and substituting (18a) into (17a), we get

ico Bl = ngAy sin(wngz) — ngBy cos(wnpz)

i€ Eg = —noA, sin(wnpz) + ng By cos(wnpz) . (18b)
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In (18a,b), A, 4, By, are the four amplitudes of the fields in the half-space
z > d determined by the boundary conditions on the face z = d of the
Tellegen 1D-slab and we have

H;g,y(d) = Hm7y(d) ) El,y(d) = Eﬂc,y(d) ) (19)
in which H, ,(d), Ey,(d) are the expressions (8a), (8b), (14), (15b) for z = d.
Then using (18a,b) we get
Ay cos(wnod) + By ysin(wned) = Hy
—iegno[Ay sin(wnod) — By cos(wnod)] = Eg(d),
ieono[Ag sin(wnod) — By cos(wnod)] = Ey(d). (20a)
The solution of (20a) is
{Ay, By} = {cos(wnod), sin(wnod)}H,(d)
+ieg/no{sin(wnod), — cos(wnod)} E,(d),
{A,, By} = {cos(wngd), sin(wnod)} H,(d)
—ieg/no{sin(wnod), — cos(wnod)} Ey(d) . (20b)
We are, of course, interested in the Poynting vector with the nonnull com-
ponent

Si(z) = VeRe(ELH]" — EJHI")(2). (21a)
Taking into account (18a,b), a simple calculation gives
S1(z) = no/2coIm[{A, By sin’(wngz) — A, B, cos?(wngz)}
+{ A, B} sin®(wnoz) — A% B, cos®(wnoz)}] . (21b)
Now for z = d we have according to (20b)
Im(A,By) = —Im(A; By), Im(A,B}) = —Im(A}B;) (22)
so that
Si(z) = no/2e0lm(Ay B, + A.By) . (23a)
But, still using (20b):
Im(AyBy) = eo/nolEx(d)H,(d) + E;(d)Hy(d)],
(A, BY) = —eo/ngEy( ) HL(d) + Ej( ) Ho(d)],  (23b)

implying
Im(Ay By + A;By) = 2e0/n05:(d), (24)

and substituting (24) into (23a) gives finally SI(d) = S.(d).

The electromagnetic flow in free space surrounding the Tellegen 1D-slab
with zero permittivity is constant in the z direction with the amplitude of
the inner energy flow reaching the surface z = d. This excited structure is
an antenna with an ultra-narrow radiation pattern.
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3. Tellegen circular metacylinder medium with zero permittivity

We now consider a circular metacylinder Tellegen medium with zero
permittivity, centered along the z-axis materialized by an electric current
filament (p, ¢, z are the cylindrical coordinates)

Jz = 105(/0)/27TP7 jp = jgo =0. (25)

The components of the electromagnetic field inside such a medium are ob-
tained in Appendix B and we get H, = E, = 0 and

H.(p) = (w&lo/4)[vy (p)Jo(wép) — v1(p)Yo(wEp)], (26a)
H,(p) = (w&lo/4)[vy (p)J1(wEp) — vi(p)Y1(wép)] (26D)

in which Jy 1, Yp,1 are the Bessel functions of first and second kind, of order
zero, one and

oy (p) = 0 Yo (wep)d(p)].  valp) = 0 [ Io(wEp)d(p)].  (260)

0! is the primitive operator defined in Appendix A. The components of the
electric field are

E. = ip/¢H.(p) — 2iw*Eulhy (p)Jo(wép) — halp)Yo(wép)],
Ey = (1)w&)d,BL = 2iw*culhy (p)J1 (wEp)hs(p)Yi(wp),  (27a)
with
hy (p) = 0~ [H.(p) Yo(w€p)],  hulp) = 07 '[H.(p) Jo(wép)]. (27b)

The only nonnull component of the Poynting vector is
Sy = (1/2)Re[EyH; — E.HJ]. (28)

The energy flow is radial with a rather intricate analytical expression.

This Tellegen medium is now supposed to be a tube of radius a, sur-
rounded by free space with the time harmonic current 5 moving along the
z-axis of this tube and generating the electromagnetic field with the com-
ponents (26a), (27a), the only field present inside the cylinder since the
symmetry of the structure makes null the reflected field at boundaries.

In the surrounding free space, the Maxwell equations in cylindrical ge-
ometry for fields that depend only on p reduce to El=H g =0 and to

—0,El +iwpoHl, = 0, p7'9,(pE]) +iwpeHI =0, (29a)
aij + iwsoE; =0, p_lap(pH(D _ Z'wgoEl =0, (29b)
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and we look for the solutions of these equations in the form
HY = ho-(p). iweoE} = ~0,h-(p), iweoEl = p~'0,[ohg(p)] (30a)
supplying the wave equations
8§hz + p_laphz + w%%hz =0, n% = €olho »
2hg + p Ophg — p2hg + wnihy = 0. (30b)

The Bessel functions Jy, Yy, J1, Y7 are the respective solutions of (30b), so
according to (30a)

HI = A.Jy(nowp) + B.Yy(nowp),
s = AgJ1(nowp) + BsYi(nowp),
icoEl = nolA,Ji(nowp) + B,Y1(nowp)],
icoE] = no[AgJo(nowp) + ByYo(nowp)] , (31a)

=
I

since [8]

{Jo(t), Yo(t)} = —{71(1), Yi(0)}
LA, Yo = {Jo(t), Yo(t)}. (31b)

The amplitudes A, B, Ay, By, are determined by the boundary conditions
on the surface p = a of the Tellegen cylinder

HY (a) = Hy.(a),  E _(a)=Ey.(a) (32)

and, taking into account (31a), we get the four relations

A, Jo(ngwa) + B,Yy(nowa) = H,(a),

ApJi(nowa) + ByYi(nowa) = Hg(a),
(—ino/e0)[AzJ1(nowa) + B.Y1(nowa)] = Ey(a)
(—ino/e0)[AgJo(nowa) + ByYo(nowa)] = E.(a). (33)

Using the Wronskian [8]: J; (nowa)Yy(nowa)—Jo(nowa) Y (nowa) =2/ (rnowa)
and deleting the arguments of the functions since no confusion is possible,
the solution of (33) is

Az = —(ﬂ'nowa/2)[Y1Hz — (Z'Eo/no)YbE(p] N

B, = (mnowa/2)[J1H, — (icg/no)JoEy)]

Ay = (mnowa/2)[YoHy — (ieg/no)Y1E.],

By = —(mnowa/2)[JoHy — (ico/no)J1 E] . (34)
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The only nonnull component of the Poynting vector in free space is
St = (1/2)Re(ELHI* — EIH]"), (35a)
and using (33) a simple calculation gives

S;E = no/Eo Im[beA:Z']le + B;A¢JOYi
—B.ALJoY1 — B;A.J1Y0]. (35b)

But, according to (34)
Im(BgAg*) = —Im(B3Ay), Im(B,A]) = —Im(B;A,), (36a)
and substituting (36a) into (35b) we get since J1Yy — JoY1 = 2/(mwanyg)
St = [2/(nwae)][Im(ByAj) + Im(B.AL)] . (36b)

Then, still using (34) and the Wronskian, we have
)

Im(ByAj) = —(r*w’a®noco/4)Re[HyEL JoY1 — HE. J1Y)
= (mwago/2)Re(H E.), (37a)
and similarly
Im(B,A}) = —(nwaeo/2)Re(H. Ey) . (37b)

These two relations imply
Im(ByAj) + Im(B, A7) = (rwago/2)S,(a) . (38)

Substituting (38) into (36b) gives finally Sg(a) = S,(a). The electromagnetic
energy flow in the outward free space is radial, constant with the value of
the inner energy flow on the surface p = a of the cylinder. This excited
structure is, as the Tellegen slab, an antenna with an ultra-narrow radiation
pattern.

4. Tellegen metaparaboloid with zero permittivity

We consider twin paraboloids of revolution around the z-axis, with apex
at x =y = z = 0. Then, using the polar coordinates p, ¢, z, the equation
of this structure is z = 4p?/2R in which R/2 is the distance apex focus
along 0z. This paraboloid is supposed made of a Tellegen meta material
with zero permittivity in a specified frequency band and characterized by the
constitutive relations (1), the excitation current (25) being directed along 0z.
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4.1. Field inside the upper paraboloid
We get from Egs. (B.4b), (B.5b) of Appendix B the wave equations
satisfied by the components of the magnetic field
O2H, + (0 +p 10y — p P +w*¢*)H, = 0,
OZHy+ (02 +p 10, — p 2+ W) Hy =0,
O2H. + (05 + p 10, + wEH, = —wj. . (39)
As an important difference with the situations met in the previous two sec-

tions, we have to take into account the reflected field on the paraboloid
surface and consequently, we look for the solutions of (39) in the form

H, = HS(P, z), Hy. = Hg,z(P, z) + Hé,z(p) ) (40)

in which the components of H? are solutions of (39) with j, = 0 while the
(¢, z)-components of H' are the solutions (26a). Now, the solutions H°
bounded for p = 0 may be written

[e.e]

H, (p2) = / dhexp(—A2) [0\ T (1), AP = w2 4 A2,

0
oo

H(p.2) = / dhexp(—A2) 2N Jo(1p) - (41a)
0

Substituting (41a) into (B.5b) and into the first equation 0,H, +w{H, =0
of the set (B.4b), still using the relations (31b) gives f2¢ in terms of fg

MI=wef), A2 =7f. (41Db)

To sum up, taking into account (26a), we have with v, vy given by (26¢)
[e.e]
HY(p2) = [ dresp(-A1800 A 0p).
0

H.(p,2) = H(p,2) + (wlo/4)[vy (p)Jo(wp) — v (p)Yo(wEp)],
Hy(p,z) = HY(p,2) + (w€lo/4)[vy (p)Ji(wép) — v(p)Yi(wép)], (42a)
in which according to (41a) and (41b)

(e}

Hp.2) = [\ tdrexp(-22) 00 I(0).
0
H(p2) = [ weh tdhexp(-32) N A (). (42b)

0
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Similarly, we look for the electric field in the form
E=E'p,2) + E\(p) (432)

in which Hj(p) = 0 while the E(}) .(p)’s are the solutions (27a) and

E) ,(p.2) = / dX exp(—Az)g) 5(N)J1(vp) ,
0

o0

EYp2) = [ dresp(-A)g20 D). (43b)
0

Substituting (43a) into the Maxwell equations (B.4a) of Appendix B, taking
into account (43b) (27, 41) and using the relations (31b) gives a set of
equations supplying the amplitudes ¢° in terms of fO:
—)\gg — wfgg + iwufg =0,
—Agp + 797 — wlgd +iwpf) = 0,
—Agy — wégd +iwpf? = 0, (44)

a system easy to solve. According to (43a) and (27a), the components of the
electric field are

EYp2) = [ dresp(-A)g005(00).

0
E.(p,2) = E(p,z) + (in/&)H} — 2iw*Eplhy (p) Jo(wép) — hy(p)Yo(wép)] ,
Ey(p,2) = E(p,2) + 2iw’Eulhy (p) 1 (wEp) — hi(p)Yi(wEp) , (45)

with hy, hy given by (27b).

Taking into account (41b) and (44), we see that the electromagnetic
field inside the paraboloid structure is not fully determined, as in slabs and
cylinders, but depends on a arbitrary constant fg to be determined by the
boundary conditions at the surface of the paraboloid. And, the boundary
conditions to be satisfied come from the continuity imposed on the tangential
components of the E, H fields and on the normal component of the B field.
Now, at the altitude z on the surface of the paraboloid z = p?/2R, we have
ps = (2Rz)'/? and the tangential components are

{EWH@}(P&Z);
{Er, Hr}(ps, 2) = [ps{Hz, E.} + R{(H,, Ep}](ps,2),  (46a)
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while the normal component By = —RB; + psB, of B becomes taking into
account (1)

Bn(ps,2) = —R(pH, +iEE.)(ps, 2) + ps(wH, +iE,)(ps,2z) . (46Db)

4.2. Outside field, boundary conditions

To get the electromagnetic field in free space surrounding the twin para-
boloids, we use the equations (B.1), (B.2) of Appendix B which become

0.E} —iwpoH} = 0,  9.H} +iweoE} =0,
0.E} — 0,E] +iwpoH} = 0,  9.H} — 0,H] —iweo B} =0,
p'0,(pEL) +iwpoH! = 0, p '0,(pHY) —iwegEl =0, (47a)
and
pl0p(pH)) + 0. HI =0,  p '0,(pE}) + 0.El =0. (47b)

It is easy to get the wave equations satisfied by the components of the
magnetic field

(8§+8§+p_18p—p +w nO)HT¢ =0, n3 =eopo, (48a)

02+ 02+p 10, +wnd)HI =0, (48D)

from which the components of the electric field are obtained by the relations
iweoEl =—0., HT iwegEl :p_lap(pH(;) . iweoE! :8ZHJ) —9,HT. (49)

We may write the solutions of (48a) in terms of the Bessel functions Ji, Y3
for z >0

o0

H)(p.2) = [ dxexp(-22l5] ;W) + g, WY ()]
0
V2 2n2 + A2, (50a)

while the solutions of (48b) depend on Jy, Yj

9 = [ (AN A o)+ WYalp)]. (50D
0
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Then, substituting (50a), (50b) into (49) and using the relations (31a), (31b)
give for the electric field

o0

iweo k] = / A exp(=A)[fL (NI vp) + gl Yi(wp)],  (51a)

0
00

Bl = [virexp(-AFJNIolve) + ghVYo(wp)],  (51D)

0
00

iweaEl = [ dAexp(-32) (v F10) ~ A Havp)

0
+Hrgl(A) = Agh(A

)
But all the functions ff, ¢, in (50), (5
0

tuting (50a), (51c) into the equation
gives the relations

v = M), vl (D) = Agl(N), (52)

and the solution (51c¢) becomes

PYo(vp)]. (51c)

) are not independent and substi-
E zw,uoHJr = 0 of the set (47a)

o0

Bl = [ wnildhesp (AN A o) + ol OVap)). (53)
0

It is easily checked that for A = 0 these expressions give the electromagnetic
field outside the Tellegen cylindrical antenna of Section 3.

So, we are left with four unknown functions f; & g; " obtained from the
boundary conditions on the surface of the parabolic structure which supplies
in addition, as previously noticed, the amplitude ff,) characteristic of the

inner field. The tangential components of the ET, H' fields at the altitude
z on the surface of the paraboloid z = p?/2R, are with py = (2Rz)'/?

{E }(p57 )7
(B}, Hi s 2) = [po{HY, BT} + R{H]  Ef}](ps.2),  (54a)
and the normal component of the B field is
Bl(ps, 2) = —poRHY (ps, 2) + pops HY (ps, 2) - (54b)

Then, taking into account (46a,b) the boundary conditions are

{EL 7 HY 130 2) = {Byr, Hor}ps,2),  Bl(2,ps) = Bx(ps, 2) . (55)



Radiation from Chiral Slabs and Cylinders with Zero Permittivity 205

We illustrate these boundary conditions on the -component of the magnetic
field: taking into account (50a), we get

[e.e]

[ drexp(-22) {0 A wp) + LAY o] = Holper2). (50
0

in which Hy(ps, 2) is the expression (42a) on the paraboloid surface.

This integral equation is not easy to solve and, with the only objective
to make clear the type of difficulties to be met, we suppose null the g:;()\)
function so that (56) reduces to

oo

/ dXexp(—=Az) fH(N)J1(vps) = Hy(ps, 2) (57)
0

Now on the paraboloid surface z = p2/2R, then multiplying (57) by p? and
performing the p; integration gives

o0

[ 5 [ o exp(-Ack/2R) Bwp) = a
0 0
o= [ o Holp?/2R). (58)
0
But [9]
[ b exp (N 2RV Invpe) = " (RN exp(—R/2) . (59
0

so that the equation (58) becomes

o0

/ A f(ANV(R/A)? exp(—1?R/2)) = a, (60a)
0

with the solution since 1?2 & w?n3 + A2
F3(0) = ar?/2ngRexp(w?ngR/2)) . (60Db)

Unfortunately, relations similar to (59) do not exist for the Bessel functions
Y., and clearly the boundary conditions (54a), (54b) put a challenge.
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4.8. Poynting vector

The Poynting vector S(p, z) inside the Tellegen paraboloids has the com-
ponents

Se(p,2) = (1/2)Re{E.H, — E,H }(p, 2),
Sp(p,2) = (1/2)Re{EgH; — E-Hg}(p, 2),
S:(p,z) = (1/2)RG{EPH:£ - E¢H;}(p, z). (61)

The part of the energy flow able to radiate outside the Tellegen structure is
supplied by the normal component Sy = —RS, + pS, which takes the value
on the surface of paraboloids

SN(ps, z) = —RS:(ps, 2) + psSp(ps, 2) , z = p?/QR. (62a)

Substituting (61) into (62a) and taking into account (46a) gives
Sx(ps,2) = (1/2)Re{ Bl — ExH}(py, 2) (62b)

The Poynting vector ST(p, z) in the free space outside the Tellegen struc-
ture has components formally similar to (61) and the radiation in the far
field comes from the normal component of ST which takes the values on the
surface of the Tellegen structure

Sk(ps:2) = (1/2Re{ELHL = ELH] Hps, 2), (63)
and the boundary conditions (55) imply

Sk(psr 2) = Sx(ps, 2) (64)

a result expected from those obtained in the previous two sections. This
meta-Tellegen structure behaves as a parabolic antenna with a narrow radi-
ation pattern.

5. Discussion

So, the theoretical calculations performed in the previous three sections,
for longitudinally unbounded slabs, circular cylinders, paraboloids of revo-
lution, made of chiral Tellegen material with zero permittivity, prove that
these structures become directive antennas with a narrow radiation pat-
tern when they are excited by an electric filament along their symmetry
axis. When the excitation current is constant, inward and outward electro-
magnetic fields have simple analytical expressions for slabs but, concerning
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cylinders, coherent approximations will be necessary to make manageable
these fields obtained in the form of integrals requiring Bessel functions.

Only the equations satisfied by the field components are given for para-
boloids of revolution and numerical codes will have to be developed to get
their solution. To conclude on a practical design, we may think of a meta
Tellegen long straight (tape) antenna with a length appreciable compared
with wavelength as in most of practical antennas. Several other types of
constitutive relations exist for isotropic chiral media proposed by Drude,
Born, Fedorov, Condon, Post... with debatable merits. It has been shown
to be equivalent to each other for time harmonic fields [10], an equivalence
not necessary valid for chiral materials of zero permittivity and fields gen-
erated with an electric filament. Then if narrow pattern antennas appear
to become an important tool in future technology, it could be interesting
to devote further works to materials with different constitutive relations.
To assume a constant excitation current is a bit restrictive which leads to
consider what happens with a time dependent current. With this objective,
we discuss in Appendix C a Tellegen chiral metaslab of zero permittivity
excited by a current with time history J(t)

Jp = J)S(z),  J,=J.=0. (65)

Using the Laplace transform [11,12] f(s) = L[F(t)] shows that, roughly
speaking, we have just to change in the previous calculations: iw into s and
j into j(s) to obtain the fields {e(s), h(s)}. Of course, the inverse Laplace
transform is necessary to get the time dependent fields {E(t), H(t)} but
there now exist powerful techniques to do this job efficiently [13|. Concern-
ing slabs and, assuming the chirality parameter £ real positive, the inverse
Laplace transform of fields inside the slab have simple analytical expressions,
for instance

Hy =—(i/2)J(t —&z/c), Hy=—(1/2)J(t—&z/c), 0<E&z/e<t (66)

(see (C.8) for electric field components). Outward fields are sums of similar
functions such as J[t —ngz/c+ (ng+££)d/c| with different delays (ng+£)d/c,
2d being the slab thickness.

Thus, for metachiral structures with zero permittivity, conveniently ex-
cited with currents respecting the symmetry source-structure there is a po-
tential application as highly directive antennas and this result carries on
theoretical and numerical works [3] on the design of directive antennas.

The antennas discussed here, infinite along 0z, should be truncated to
represent realistic structures. From a mathematical point of view, it suffices
to multiply the field expressions by the function U(z—zp)—U(z—21) in which
U is the Heaviside function, 2, z1, the lower and upper coordinates, with
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as consequence, to make calculations a bit more intricate. But, one should
have to introduce boundary conditions at z = zy and z = z;. An interesting
situation happens for z-periodic antennas since it has been proved [14] that
these structures support infinite wavelength.

Appendix A
Primitives

Using the relations where 0(2), U(z) are the Dirac distribution and the
Heaviside unit function

d(z)dz = d[U(z)], U(z)dz = d[zU(z)] , (A.l)
and integrating by parts, we get for the primitive 9~! = [f(2)d(z)dz
/f(2)5(Z)dz = ga(2)U(2),  ga(z) =) (1)"="/nld} f(2), (A2)
n=0
and similarly for 9~![f( = [f(

U
/f(Z)U(Z)dzzgu() ) gu(2) =3 (—1)" L (n41)1027 £(2) . (A.3)

n=0

There exist similar relations with U(—z). In particular for exp(az) we get
from (A.2) and (A.3)

O exp(az)d(z)] = U(z),
0 exp(az)U(2)] = a [exp(az) — 1]U(2), (A4)
these relations imply

0 eos(wé2)0(2)] = U(z), 0 sin(wé2)0(2)] = 0, (A.5)

O [sin(2weé2)U(2)] = (1/wé)sin®(wé2)U(z),
O cos(2weE)U (2)] = (1/wé) sin(2wéz)U(2), (A.6)
and
O sin®(wé2)U(2)] = [2/2 — (1/4w€) sin(2wé2)|U () . (A.7)
These simple results are not the general rule, they do not hold for the Bessel

functions Yp(wép), Jo(w&p) solutions of the cylindrical wave equation, we
get in this case

07 [Yo(wep)d(p)] = vy (p)U(p), 07 [Jo(wep)d(p)] = vs(p)U(p), (A.8)
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o0

oy (p) = 3 (=1)"" o Yo(wép)
n=0

0s(p) = S (1" [l Jo(wEp) (4.9)
n=0

It is difficult to get consistent approximations of these sums, even with small
p, specially for vy (p) because of its logarithmic behavior in this domain.

Appendix B

Electromagnetic field in a zero permittivity cylinder

For fields that do not depend on azimuth, Maxwell’s equations in cylin-
drical coordinates p, ¢, z with a current 7 and a charge e are
—82E¢ + inp = 0,
0.E,— 0,E, +iwBy = 0,
p_lap(pEw) +iwB, = 0, (B.1a)
—-0,Hy —iwD, = j,,
0.H,—0,H, —iwDy = jg,
p0,(pEy) —iwD, = j., (B.1b)

with the divergence equations
p10,(pB,) + 9.8, =0, (B.2a)
p10,(pD,) +9.D, = 0. (B.2b)

For the zero permittivity Tellegen medium with constitutive relations (1)
and with the electric current

Jz = 105(/0)/27TP7 jp = jgo =0 (B-S)

these equations become

—-0.Ey —wlE, +iwpH, =0,

0.E, - 0,F, —wéEy +iwpHy =0,
p10,(pEy) — wéE, +iwuH, =0, (B.4a)

0.-Hy+wElH, =0,

0.H,—0,H, —wEHy =0,
p0,(pH,) — wEH. = j. (B.4b)
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and

p10,(pE,) + 0.E, =0, (B.5a)
p10,(pH,) + 0.H, =0, (B.5b)

the charge e est null and the electromagnetic field depends only on p, so that
the equations (B.4a), (B.4b) imply H, = 0 and reduce to

p_lap(pHcp) —w§H, = —wlod(p)/2mp, (B.6a)
0pyH, +wlHy =0, (B.6b)

while we get from (B.4a) E, =0 and
OpE, + wEEy = iwuHy, p10,(pEy) — weE, = —iwpH,.  (B.7)

Eliminating Hy from (B.6) and Ey from (B.7) gives the inhomogeneous
equations

8§H2+p_18sz+w2£2Hz = —w&lyop/2mp, (B.8a)
PE. + p ' 0,B.+w*E, = iwp(0,Hy+p ' Hy+wéH.). (B.8b)

We first look for the solutions of Eq.(8b): consider the inhomogeneous dif-
ferential equation

y' 4+ + w0 = f(p) (B.9)
the homogeneous wave equation y” + p~'y' + w?¢? = 0 has the Bessel
functions of the first and second kind of order zero Jo(wép), Yo(wép) as
solutions so that since 9,(Jo, Yo) = —(J1, Y1) and since the Wronskian
J1Yp — JoY1 = 2/(mwép) [8] the solution of (B.9) is

y = Ci(p)Jo(wép) + Ca(p)Yo(wep) , (B.10a)

in which the amplitudes C2(p) are defined by their derivatives

Ci(p) = —mp/2f(p)Yo(w€p),  Ci(p) = 7p/2f(p)Jo(wép). (B.10b)
For f(p) = —w&Ipd(p)/2mp which is the right hand side of (B.8a), we get

Ci(p) = (w&lo/4)vy , Ca(p) = —(w€lo/4)vy,  (B.1la)
vy (p) = 0 Yo(wép)d(p)],  vilp) =0 [Jo(wEp)d(p)], (B.11b)

obtained in the form of two infinite series in Appendix A. Substituting (B.11a)
into (B.10a) gives the solution of (B.8a)

H.(p) = (w&lo/4)[vy (p)Jo(wp) — vi(p)Yo(wép)], (B.12a)
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and taking into account (B.12a), we get from (B.6b)

Hy(p) = (w€lo/4)[vy (p) J1(wEp) — vs(p)Y1(wép)] - (B.12b)

We now look for the solution of (B.8b) which becomes, taking into ac-
count (B.6a),

OPEz + p 1 0,Ey + w By = iwp[2wEHy + Iod(p) /2mp) (B.13)
and we write the right hand side of (B.13)
F)=1(oHrf (), f(p)=iwnlod(p)/2mp, f(p)=2iw’¢pH, . (B.14)

Then, the solution of (B.13) takes the form E, = E? + E! and comparing
fO(p) with the right hand side of (B.6a) gives at once

EX(p) = ip/EH.(p) (B.15)
while for f1(p)
Cip) = —2iwspH.(p)Yo(wsp),  C3(p) = 2iwépH.(p)Jo(wp), (B.16)
with the primitives
Ci(p) = —2iw*€puhy,,  Ca(p) = 2iwEph;, (B.17a)
where
hy (p) = 07 [H.(p)(Yo(wép)],  hy(p) = 07 H.(p)(Jo(wép)] , (B.17b)
so that according to (B.10a)
E; = =2iw*pulhy (p)Jo(wEp) — hy(p)Yo(wép)] (B.18a)
and since E, = E? + E} we get, taking into account (B.15),
E. = ip/€H.(p) — 2iw*Eulhy (p)Jo(wEp) — hy(p)Yo(wp)]. (B.18b)
Now, according to (B.7a)
By = (1/w€)0,E2 — (ip/€)Hy + (1/w€)0, EL (B.19a)
but, according to (B.6b) and (B.15) (1/w&)d,E? = (ipn/€)Hg, so that

Ey = (1/w€),E} = 2iw*Epulhy(p)J1(wEp) — hy(p)Y1(wép)] . (B.19b)
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Appendix C

Time dependent excitation current

For fields depending only on z and for a source driven according to
Jr = J(t)d(z2), Jy=J,=0, (C.1)

the Maxwell equations inside a Tellegen metamedium with the constitutive
relations (1) reduce to

0, H,—itc 0, H,=—J(t)(2), 0, H,+itc 0, H,=0,
0,Ey—c '0,(uH,+i€E,) =0,  0,FB,+c "0y (uH,+i€E,)=0. (C.2)

Using the Laplace transform [11,12| f(s) = L[F(t)], Egs. (C.2) become

(‘Lhy—z{c_lshx: —j(s)d(2), 8zhx+z'§c_lshy:0, (C.3a)
D.ey—c 's(phy+ife,) =0, drep+c Ls(phy+ite,)=0. (C.3b)

The comparison of the relations (C.3a,b) and (C.5a,b) shows that we have
just to change w into —isc™! and jg into j(s) in the expressions of Section 2
to get the solutions of (C.3a,b) and this substitution applied to (8a), (8b),
assuming to simplify £ real, positive gives

hy =ij(s)sinh(s€z/c)U(z), hy = —j(s) cosh(séz/c)U(z), (C4)
while according to (14) and (15b)

60 = [(—in/€)j(s) sinh(s€z/c) — psc j(5)|U(2).
ey = (i1/€)j($)2 cosh(s€z/c) — 1U(2). (C.5)
Now, we have the inverse Laplace transforms [11]

LY exp(£séz/c)] = 6(t +&z/c),

—~

L7[j(s) exp(£séz/c)] drJ(t —1)6(T £ &z /c). (C.6)

Il
o _

Assuming the source launched at ¢ = 0 : §(t + £z/c) = 0 in the half
space z > 0 while with §(¢ — £z/c) the convolution integral is nonnull for
0 < &z/c <t so that the inverse Laplace transform of the (C.4) fields is

Hy = —(i/2)J(t = &2/0)U(2),  Hy=(1/2)J(t - &2/c)U(2), (C.7)
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and from (C.5) with the current derivative J'(t)

By = [(—pu/€)(t = &z/c) — pc™ 2]/ (t — €2/c)]U(2),
By = [(ip/€)L(t = &z/c) = J(H)]U(2). (C.8)
We have a similar result in the half space z < 0 with J(t + {z/c) and an

opposite sign for H,. In the free space surrounding the Tellegen metaslab,
the Maxwell equations have the Laplace transform

azhj/ +eoc tsel =0, &ZeL — poc tshy, =0,

=0, d.el + ,uoc_lsh;'/ =0. (C.9)

< — 88—+

d.hl —egcse

Here also, the comparison of (C.9) and (17a,b) shows that we have only to
change iw into s/c in the relations (18a,b) to get the solutions of (C.9)

hl,y = A, cosh(sngz/c) + B,y sinh(sngz/c),
icoel, = noA, sinh(sngz/c) — ngB, cosh(sngz/c),
iEOeL = —noAg sinh(sngz/c) + noBy cosh(sngz/c). (C.10)

The boundary conditions hl,y(d) = hyy(d), el,y(d) = ey y(d) supply the
amplitudes A, ,, B;, and we get for instance from (20b)

Ay = hy(d) cosh(snod/c) — (e0/n0)ey(d) sinh(sngd/c) . (C.11)

To illustrate the form of the electromagnetic field in the outward free
space, we consider the truncated expression hl = Ay cosh(sngz/c) in (C.10),
with as approximation of A, the first term of (C.11) which becomes accord-
ing to (C.4)

Ay = hy(d) cosh(snod/c) = —j(s) cosh(séd/c) cosh(snpd/c) . (C.12)

Substituting (C.12) in the first relation of the set (C.10) and also only keep-
ing the first term of the resultant expression give

h;’/ = —j(s) cosh[s(nopz/c — nod/c — £d/c)] (C.13)
with, according to (C.6) the inverse Laplace transform,

H; = —J[t — (noz/c —nod/c —&d/c)]. (C.14)
So, the electromagnetic field in the outward free space has the same form as
inside the Tellegen metaslab and is made of a sum of terms similar to (C.14)
with ngz/c instead of £z/c and different delays +nod/c + £d/c).



214

1
2]

3]
4]
5]

[6]
7]

18]
19]
[10]
[11]

[12]
[13]
[14]

P. HiLLiON
REFERENCES

S. Enoch, G. Tayeb, D. Maystre, Opt. Commun. 161, 171 (1999).

S. Enoch, G. Tayeb, P. Sabouroux, N. Guerin, P. Vincent, Phys. Rev. Lett.
89, 213902 (2002).

G. Tayeb, S. Enoch, P. Sabouroux, N. Guerin, P. Vincent, 12th Inter. Symp.
on Antennas, Nice 2002.

G. Tayeb, S. Enoch, P. Vincent, P. Sabouroux, International Conference on
Electromagnetics for Advanced Applications, Torino 2003.

D. Maystre, S. Enoch, G. Tayeb, Proc. SPIE 5359, 64 (2004).
R.W. Ziolkowski, Phys. Rev. ET0, 046608 (2004).
A. Lakhtakia, Spec. Sci. Technol. 14, 2 (1991).

M. Abramowitz, I.A. Stegun, Handbook of Mathematical Functions, Dover,
New York 1968.

G.N. Watson, A Treatise on the Theory of Bessel Functions, Univ. Press,
Cambridge 1962.

A. Lakhtakia, V.K. Varadan, V.V. Varadan, J. Opt. Soc. Am. 5, 175 (1988).

G. Doetsch, Guide to the Applications of the Laplace and Z-transforms, Van
Nostrand, London 1971.

P.M. Makila, Int. J. Control 79, 36 (2006).
G. Dahlquist, BIT 33, 85 (1993).
A. Lai, KM.K.H. Leong, T. Itoh, IEEE Transl. Anten. Propag. 55, 868 (2007).



