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1. Introduction

Chirality in electromagnetics, chiral materials, and their potential
applications have been the subject of extensive research in electromag-
netics, optics, and microwave communities in recent years {1-30]. It is
known that chiral materials, when isotropic, support two characteristic
wavenumbers k4 independent of the direction of propagation. These
wavenumbers, which can be explicitly written in terms of the material
parameters as ki = Fwpcée + wy/ pee + u2E2, correspond to right—
. and left—circularly polarized eigenmodes of propagation [6]. Therefore,
_ Isotropic chiral materials are circular polarization birefringent. In the

past several years, there has been increasing interest in the study of
chiral materials and their potential applications in optical, microwave
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and millimeter—wave frequencies [1-30]. One such potential application
is the suggestion of using chiral slabs as possible substrates and super-
strates for printed-circuit devices, such as microstrip antennas [17-30].
This combination was named chirostrip antennas [17]. Several canon-
ical theoretical problems involving chiral materials and microstrip an-
tennas have been studied and reported in the literature [17-30]. In
this paper, we discuss the radiation properties of a center-fed finite—
length thin-wire chirostrip antenna over a thick grounded lossless chi-
ral slab. This antenna can be conceptually thought of as a thin cylin-
drical wire over the surface of a grounded lossless chiral slab. Pozar
has provided an excellent analysis for a single square patch antenna
and for an infinite array of square microstrip antennas over grounded
chiral slab [24]. Bhattacharyya and Lakhtakia have also studied the
rectangular microstrip patch antenna over chiral substrates using Bal-
trami field formulation [25]. Kluskens and Newman have reported their
thorough study of surface current distributions and dispersion charac-
teristics of guided waves along an infinite microstrip transmission line
over grounded chiral slabs [19]. Jaggard et. al [15] and Bhattacharyya
et. al [16] have studied current distributions along finite-length anten-
nas, but in an unbounded chiral media. Yin and Wang [26-28] and
Ren [29] have done a series of studies on radiation characteristics such
as Green’s functions and canonical antennas in chiral layers. Toscano
and Vegni have studied spectral dyadic Green’s functions for grounded
chiral slabs [18]. In our previous work, we have studied the case of
two-dimensional chirostrip line antennas [20,21,23] and the case of a
chirostrip infinitesimally short horizontal dipole [22,23]. For the chi-
rostrip horizontal short dipole over thick substrates, we demonstrated
theoretically that the handedness of the chiral substrate manifests it-
self in the radiation pattern of the dipole antenna, by causing the
radiation pattern of the antenna to rotate around the axis normal to
the substrate by an angle, which over some range of £, depends on
the value of chirality. Although these canonical cases, i.e., infinitesi-
mal dipole chirostrip and infinitely long line chirostrip antennas, may
be adequate to approximately model problems involving very short
or very long antennas on grounded chiral substrates, the methods de-
veloped for those problems need to be extended in order to take into
account the finite length of a moderate-size thin—wire antenna lying on
top of such substrates. Furthermore, in the previous analyses [18, 20~
23, 26-29], given current distributions on the antenna were assumed
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as is done for an infinitesimal dipole and two—dimensional infinitely
long thin—wire antennas. However, for a center—fed finite-length thin-
wire antenna over grounded chiral slabs, the current is neither known
a priori, nor is uniform along the length of antenna. The knowledge
of current distribution along a finite-length thin-wire chirostrip an-
tenna will also enable us to analyze other electromagnetic properties
of this antenna, such as radiation patterns and radiated power, etc..
Here, using dyadic Green’s functions for a grounded chiral slab and
the standard method of moments, we determine the current distribu-
tion along such chirostrip antennas for a thick chiral substrate. We
then obtain the input impedance, radiation patterns, bandwidth, and
some other radiation properties of this center—fed finite-length thin
cylindrical wire chirostrip antenna.

2. Current Distribution Along a Center-Fed Finite-
Length Thin-Wire Chirostrip Antenna (over a
Thick Grounded Chiral Slab)

Let us consider a finite-length thin—wire chirostrip antenna shown
" in Fig. 1. This antenna consists of a very thin cylindrical wire printed
on the surface of a thick grounded-chiral slab of thickness d, permit-
tivity &, permeability ., and chirality admittance &. The above
region is free space with parameters €, and y,. The antenna, which
has the length L and the diameter 2a, is driven at the center by
a monochromatic voltage source Vi = Viexp(—iwt) where V;, is a
constant set to one volt in all our computations. The electric field
E generated by this chirostrip antenna can then be expressed by
E =iwp [ L (r,x')-J(')dV where L (r,r') is the dyadic Green’s
function for the grounded chiral slab, and the integration is carried out
over the unknown current J(r') along the antenna. The vectors r’ and
r correspond to the source point and observation point, respectively,
and can be written in cylindrical coordinates as r’ = p'ey + z'e,» and
r = pe, + ze, where ey, e, e,, and e, are the usual unit vec-
~ tors. The problem of dyadic Green’s functions for a chiral slab and
chiral layers has been studied extensively using a variety of techniques
[18,19,22-30]. In our analysis here, we use the dyadic Green’s function
which is expressed in terms of cylindrical vector wave functions [See
e.g., 23]. In the Appendix, for the sake of easy reference, the expres-
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Figure 1. Center—fed finite-length thin—wire chirostrip antenna which
can be thought of as a thin cylindrical wire of length L and radius a
placed at the surface of a grounded chiral dielectric slab of thickness d.
The material parameters of the slab are &;, ., and &. The antenna is
assumed to be fed at its center by a monochromatic voltage source. The
Cartesian and spherical coordinate systems are also shown. The plane
z = 0 is at the ground plane, and the antenna is extended from z = 0 to

x = L.

sions of these dyadic Green’s functions are given with no derivation.
For detailed derivation of these Green’s functions, the reader is re-
ferred to all related bibliographies given in the References, e.g., [23].
Here, the problem is to solve for the current distribution J(r’) by
applying the boundary condition for the electric field at the antenna
surface, i.e., by making the tangential electric field vanish at the sur-
face of the antenna. ! Here, we also assume that a < A\, where ), is

1 The boundary conditions at the surface of the chiral slab and
at the ground plane are already satisfied by using the proper dyadic
Green’s functions L (r,r').
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the free—space wavelength. Therefore, the thin—-wire approximation for
the antenna can be used and the current distribution J(r’) can have
the form J(r') = I(z') 6(y')6(z' — d)e, along the wire antenna, where
e, is a unit vector along the x—axis, and é(.) is a Dirac delta func-
tion. The current I(z') must satisfy the condition I(0) = I(L) = 0.
To determine I(z') completely, we use the standard method of mo-
ments and divide the wire antenna into N equal segments A = L/N
[31]. Then the current distribution I(z') is expanded in terms of an
appropriate current basis [®,(z')], with unknown coefficients Ips as

I(2)) = 22’;01 I,®,(z'). Many choices of basis functions ®,(z’) are
possible. Here we choose the sinusoidal basis functions. These basis

functions are expressed as

sin [k, (A — |2/ — zp])]
Iz ={ T sin (ko]
0 otherwise.

if |$I - $p| S A (1)

where k; = w./lio€s. The current distribution can then be obtained
using the standard method of moments and the dyadic Green’s func-
tions for the grounded chiral slab.? Numerical results for the current
distribution I(z') are presented in Fig. 2 for different values of the
slab’s chirality admittance &. In Fig. 2, the real and imaginary parts
of the current are plotted while the thickness d of the slab is kept
constant at d = 0.24),. 3 In all our computations, the radius a of
the antenna is taken to be 0.0001),. As can be noted in this case,
adding chirality increases the magnitude of the current, but does not
change significantly the effective electrical length of the antenna. Once
the current I(z’) is known, the input impedance can be determined
by evaluating V,/I,, where I, is the current at the feed location.

2 The detailed description of steps taken in finding the current dis-
tribution here using the dyadic Green’s function for this slab has not
been given here, for the sake of brevity. Interested readers are referred
to [23].

3 We realize that the thickness of the slab should usually be much
smaller than the free—space wavelength. Here, however, we have chosen
"~ d = 0.24),, just as a numerical example for a parametric study to
consider the effects such as surface waves in (thick) slabs. Clearly, the
present numerical analysis can be applied for much thinner slabs.
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Figure 2. Real and imaginary parts of the current distribution along the
chirostrip antenna shown in Fig. 1. The length L = 0.50)\, and radius
a = 0.0001),. The thickness of the thick slab is d = 0.24),, permittivity
€. = 2€o, permeability p, = po. The cases £, = 0, 0.001 and 0.002 mho
are presented. We realize that the thickness of slab should usually be
much smaller than the free—space wavelength. Here, however, we have
chosen d = 0.24),, just as a numerical example for a parametric study to
consider the effects such as surface waves in (thick) slabs. Clearly, the
present numerical analysis can be applied for much thinner slabs.
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Figure 3. Real part R and imaginary part X of the input impedance of the
chirostrip antenna of Fig. 1 as a function of the length L. The thickness
of the thick slab is d = 0.24),, the radius of the antenna is a = 0.0001 ).,
© permittivity €, = 26, the permeability u. = p,, and £, = 0, 0.001 and
0.002 mho.
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Numerical results for the input impedance Z = R +iX are given in
Fig. 3 for several values of the chirality admittance &. The thickness
d of the slab is kept at 0.24), and the radius a is set to be 0.0001\,.
Since the voltage V, is kept constant in all computations and, as can
be seen from Fig. 2, the current magnitude can be increased, the total
input power increases and thus R decreases. The resonant length L
of this thin—wire antenna is, by definition, the length for which the
imaginary part X of the input impedance vanishes. The evaluation of
this resonant length L, is therefore of interest since the bandwidth of

the antenna can be defined by BW = LL.?.%{,@_ where Ryes is the

T BL/ %
value of the resonant input resistance and X ( t/he)input reactance {32].
Figure 4 presents the resonant length L, and the bandwidth BW as
functions of the normalized slab thickness d/)\, for several values of
chirality &. One can notice the change in bandwidth when chirality is
introduced in the slab. For instance, for d/), = 0.20, the bandwidth
is increased by 5 % when chirality is varied from 0 mho to 0.0015 mho.

3. Radiation Patterns of Finite-Length Thin-Wire
Chirostrip Antenna

The knowledge of the current distribution allows us to determine
the radiation pattern of the antenna for different values of chirality
admittance &. Using the standard asymptotic expansions and the
saddle—point technique, the following approximate closed form expres-
sion for the far-zone radiated fields can be obtained

{ Eq }  wpei(ko R/ trkodeost) { F(6, ) } NE_:I L
EpJ 8TR G(0,¢) | 7 sin(koA) o
- 2

/sin [ko (A — lm' - m?’l)] e~ ikoz' sinfcosp 4t
i

with
F(0,p) = {(aw —a’ 4+ b + 2e"23k°d°°se) cos fcos ¢

+i(a” —a¥ + b —b"‘”)sinnp}
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Figure 4. Resonant length L, (shown in (A)) and bandwidth BW (shown
in (B)) of the chirostrip antenna of Fig. 1 as a function of the nor-
malized slab thickness d/\, for values of the chirality admittance £, =
0, 0.0005, 0.001, and 0.0015 mho. The radius of the antenna is a =

0.0001,.



274 Pelet and Engheta

G(0,9) = -{ (a” +a¥ b+ 0¥+ 2e"2"°°d°°8”) sing
+i(a® +a¥ - - b“’)cos@coszp}

where (R,8,¢) are the usual spherical coordinates (shown in Fig. 1)
and the other quantities have been defined in the Appendix. We note

that F(0,¢) and G(6,y) are very similar to the equivalent relations
obtained for the horizontal infinitesimal dipole case [22,23]. Therefore,
similar rotational characteristics for the radiation pattern can be ex-
pected here for this finite-length antenna over thick substrates. For
the resonant case at d/\, = 0.30, we obtain the plot of the radiation
pattern and the pattern shift at a given elevation angle 8 for several
values of &.. Figure 5 illustrates the radiation pattern of a resonant
finite-length chirostrip antenna of the slab thickness d/)A, = 0.30, as
a function of the azimuthal angle ¢, for a fixed value of the eleva-
tion angle @ = 45°, and for various chirality &.. These results re-
semble to that of the chirostrip horizontal infinitesimally short dipole
[2?,23}. It is also worth noting that from (2) and expressions F(6, )
and G(6, ), one can evaluate the cross—polarization level in the F -
plane and/or H —plane for such an antenna. Clearly for this antenna,
cross—polarization can be developed due to chirality of the substrate,
as is evident from F(6,¢) and G(6,¢) for ¢ = 0°, 180°, and for
@ = 90°, 270°. This roperty might not be of interest in some an-
tenna applications. However, the rotational characteristics of radiation
patterns for such antennas might turn out to be an interesting feature.
The physical insights and justifications of this rotational feature are
given in [22,23]. The total radiated power Pr,q can be obtained from

Paa = g [ (1Bol® +|EpI?) dS = }Reaallinl® where 1, = v/io]2,
and the integration is over the surface of the upper hemisphere with
its radius approaching infinity. Here R;.q is used as the radiation re-
sistance and [in the input current.RThe radiation efficiency € of the

rad

. . Riag + Rsyrs Lo .
tribution of the surface—wave power to the total radiation resistance

R = Ryad + Rsurs. In Fig. 6 and 7, the plots of Rpg of the radiated
fields, Ry of the surface-wave power, Rres the total radiation re-
sistance at resonance, and € the radiation efficiency of this antenna

antenna is then given as €= where Ry, is the con-
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Figure 5. Variation of the radiation pattern of the finite-length thin
wire chirostrip antenna of Fig. 1 (placed horizontally along ¢ = 0, 180°
in the plot) versus azimuthal angle ¢ for a fixed angle = 45°, The
- normalized slab thickness d/)\, = 0.3, resonant length L,(L, = 0.402),
for £, = 0 mho), permittivity e, = 2¢,, permeability p. = y, and the
chirality admittance £ equal to (a) 0 mho, (b) 0.001 mho, (c) 0.0015
mho, and (d) 0.002 mho. This feature is similar to the one analyzed for
infinitesimal horizontal chirostrip antenna reported in [22].
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Figure 6. Radiation resistance of radiated power R,,q (shown in (A)) and
and of the surface-power R,y (shown in (B)) of the chirostrip antenna
of Fig. 1 as a function of the normalized slab thickness d/)\, for several
values of chirality admittance &; : (a) 0 mho, (b) 0.0005 mho, (c) 0.001
mbho, and (d) 0.0015 mho. The radius of the antenna is a = 0.0001),.
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Figure 7. Total radiation resistance at resonance R, (shown in (A)) and
Radiation Efficiency € (shown in (B)) of the chirostrip antenna of Fig. 1
as a function of the normalized slab thickness d/), for several values of
chirality admittance £; :(a) 0 mho, (b) 0.0005 mho, (c)0.001 mho, and
(d) 0.0015 mho. The radius of the antenna is a = 0.0001),.
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are given as functions of the normalized slab thickness d/\, for dif-
ferent values of &.. These plots are given for the resonance case. As
can be seen from these figures, adding chirality will increase the total
radiation resistance in the resonance. This increase corresponds mostly
to an increase in the surface-wave power, a decrease in the radiated
power and therefore, and a decrease in the efficiency of the radiating
system. However, we must note that although for this antenna the
surface-wave power increases with chirality, the angular distribution -
of such surface waves may vary with chirality leading to modification
of mutual coupling between adjacent elements. This mutual coupling
has been studied for two finite-length thin-wire chirostrip .antennas
and the results have been obtained and reported [33]. Furthermore, we
have shown that for the two—dimensional infinitely long chirostrip line
antenna, the surface-wave power per unit length can, under certain
conditions, decrease when the chirality is added to the antenna sub-
strate [20,21]. For a square microstrip patch antenna on a grounded
chiral slab, Pozar has also shown a decrease in radiation efficiency due
to chirality of substrate [24].

4. Summary

In this paper, we studied theoretically, the radiation characteris-
tics of a particular type of center—fed finite-length thin—-wire chirostrip
antenna over a thick grounded chiral slab. Using the standard method
of moments, we have analyzed and evaluated the current distribution
along this antenna when the voltage source at the center gap is a
monochromatic source with frequency w. We have also determined the
input impedance of this antenna. In particular, we have investigated
the influence of the chirality admittance & on the current distribu-
tion and the input impedance, and have shown that the general form
of the current distribution remains almost unchanged when we intro-
duced chirality in the antenna substrate. The input impedance under
resonant conditions increases slightly with chirality. The bandwidth
and the radiation efficiency of the antenna have also been determined.
We have also analyzed the particular rotational feature of the radi-
ation pattern of this finite-length chirostrip antenna and have found
results similar to those obtained for the chirostrip horizontal infinitesi-
mal dipole [22]. Like the short dipole case, chirality of the substrate has
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caused the radiation pattern to be rotated around the axis perpendic-
ular to the slab by an angle which depends on the chirality admittance
& and the elevation angle. Indeed, the handedness of the slab mate-
rial has been manifested in the shape of the radiation patterns. Such
characteristics may find potential applications in the design of beam—
steering systems, or simple radiating devices with complex radiation
patterns, since it can involve only a simple finite-length wire antenna.
It must also be noted that the chirality may affect the angular distri-
bution of the surface wave excited in the substrate, and although the
total surface-wave power can be increased with chirality, the change
in surface wave distribution can, under proper conditions, lead to a
decrease in mutual coupling between two adjacent elements depending
on their relative positions, as studied in [33].
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Appendix

In this Appendix, for the sake of easy reference, the expressions of
dyadic Green’s functions for a grounded chiral slab are given in terms
of the cylindrical vector wave functions. The detailed derivation of
these expressions can be found in all related bibliographies given in the
References e.g., in [23]. Other derivations of dyadic Green’s functions
for a grounded chiral slab can be found in [18,24-30]. Referring to a
geometry similar to Fig. 1, for the case where the current source is
located at the point r’ outside the slab, one can divide the dyadic
Green’s functions into two parts as

Region (1):
z2d L ()= Lay) (14)

Region (2):
0<z<d L (nr)=L2(r) (24)
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In (1A) and (2A), the first superscript indicates the region of
the observation point while the second superseript corresponds to the
location of the source. These dyadic Green’s functions are given as*

Linr) =4 / Z
J =
(a8 ena(ho) + a:‘:W;M(ho)) Venr(ho)
+ (837 e (o) + 85 W 35 (o) ) W 15 (o)
{ nA(hO)V‘nA( h0)+W°nA(h )W°nA( ho) z>z:l
wA(=ho) Ve na(ho) + W sna(=ho) Wens (o) 22 7
(34)
and

(2-60)

1‘21(rr 4ﬂ./z

g %

{2 [ (Vomsth) - Wina(-1s)
HE (Wena(ho) = Vema(-h0))]
+02 [(Vena(hs) + Wena(=ha)
~ (Wena(ho) + Voma(=h2)) | } Vs ho)
{ { V°n,\(h+) -"_V-:n)\(_h“i-))
%i(w*’n,\(h )= Vima(-ho))]
ray

[(V°n,\(h+) +Wen(- h+))

4 Since we usually compare the dimensions with free-space wave-
length which is shown by \,, there should not be any confusion be-

tween the variable of integration A here and the symbol for wavelength
Ao-
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~ (Wena(ho) + Vsma(=ho)) | } We s (h)

(44)
where _ _
— Mea(h) + Nepa(h
Ve = 2 T (54)
- Me (k) — Nena(h
W) = i - @ (64)

with Men)‘(h) V x ‘I’en,\(h) and Ne.,,,,\(h) = EV x V x ‘Ifen,\(h) '
for ¥ “nA (h) JIn(Ap) Gn 0 el*?e, in the cyhndncal coordinate system
(p,p,2). In the above equations, the primed quantities refer to the
source point r’ and the unprimed quantities to the observation point
r, 6, =1 if n =0, and 0 otherwise, k% = A2+h? where k is the mag-
mtude of the wavenumber in the medium, 4 is its component along the
z—direction and A is its component along the radial direction. More

specifically, ho = \/kZ — A2, with k, = w./lic€s, b+ = 1/k% — A? and
k+ have been defined earlier. The coefficients a3, ay, by, by, ¢h, ¢y,
dy, d¥ are determined by applying boundary condxtlons for tangential
components of electric and magnetic fields E and H. These coeffi-
cients are expressed as

v w ] T -1 —ihod . h'o -—lhod ko —~ihod h’o —~ihod T
[@’;a¥; ;¢ =T |—e —e —e ; —e

" ko Ho " o
(7A)
T
b b7 dv; dw] — -1 [_e——ihgd; _ ho e—ihod . ko e—ihod ., ho e—-ihgd]
ko Ho Ho
(84)
where
Th Ti
T=
(Tm Tzz)
with

ihod eihod
AT= ihod B i
elho _ elhcd
fa %o
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—2i {%f sin(hyd) + %—'_::- sin(h_d)}

Ty = hoh
—-Zﬁkf {cos(h4d) — cos(h_d)}

— 2 {cos(h+d) — cos(h_d)}
-2 {%f sin(hy.d) + %f sin(h_d)}

( Ko giod  _ [c_g_eihod)
Ty = Ho Ko
9] =

Rogihod  Rg ikod
Ho Ho

ky + ke —2i {%f sin(hyd) — %} sin(h—d)}

2pc _g%f%:_ {cos(h4d) + cos(h-d)}

—2 {cos(hyd) + cos(h_d)}.
—2i {%i: sin(hd) — 1= sin(h,_af)}

Here T! is the inverse of the matrix 7', the symbol []7 denotes the
transpose of a matrix. For the case where the electric current source is
located at r’/ inside the chiral slab, the dyadic Green’s functions can
be decomposed as

Region (1):
2>d L r,)= L2, r) (94)

Region (2):

0<z<d L (rr)=L%r) (104)
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The explicit expressions are
i

12
= (nr) = o (ks + k)

/Z —(2 - 6o) [(szsn)‘(ho) + a:W:n’\(ho)) V':n)‘(h_}’)
n=0

. . (11A)
+ (BV s (o) + B W e (o) ) Wia ()

+ (a7 s na(ho) + X W 2a(ho) ) Viea(—h)
+ (£V s nalho) + 2 W sr(ho) ) Wena(=ho)
and

22
L (r,x))

__i__]"f:@@_é)
ok A0 ) ) o/

{C [Z: (V=m\(h+) W;n,\("h+))
Z+ (W%m(h ) = Vepn(=h ))]
st [ (Vama(h) + Wom(-h)

~ (Wom(ho) + Vema(-ho)) ] }V’;M(hn

+
{dv [Z: (Ven,\(h+) W;m(—m))
+%—t (W:n,\(h_) —v:n/\(_h‘—))]

+dy [ (v:n/\(h‘-i-) + Wgnx(—h+))

~ (Wema(h) + Vema(-h0)) | W)
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{ [Z: (V°""(h+) —W—;m(—h_{_))

R (W s (h) = Vzma(h) |
#5 [ (Tama(he) + Wenm(-h)

~ (Femath) + Vo) | } Pma(he)
+
{h” [h" <V°n,\(h+) W:m(-h))

k-
2 (We() — Vgma(-h0)|

#12 [ (Vema(ha) + Wem(-h)

~ (Fenalh) + Vgaa(-h0)) | } Wama(-h0)

[ Ve (h) Vs (=hs)
% ( ca(hy) — [W‘m\(h—) +v;nA(h—)]> Vena(hs)
) W e (b W pa(—h)
%— ([Femr(hs) + Vemr(=h)] = Vena (b)) Wean(ho).
for z > 2/

[V;mo-m +W o (h)] [V smahr) E—wm(h_ﬂ

) = [Wem(=h) +Vem(n)] [V (hs) - T W)
{ for 2 < 2

(124)

The coefficients a?, a®, b?, b¥, ¢, v, d¥, d¥, €', e¥, [, f¥, g°, g%, hY,
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and hY*, where index n has been dropped, are given by
[au; aw; cv; cw]T

k ; h h_
-1 | Mt f thyd + ihid
T [———h+ (e 2cos(h— d)) Ry <k+ +21—k sm(h_d))

:—:—-":—4'—2%;’6—_- (e"“fd + 2cos(h_d))
Lot (o)
(134)
"5 b*; d”; 0" =
71 [%f ( ih-d —2cos(h+d)) :— (Z: ih-d +2z:+ s1n(h+d))
:—:-ﬁ% (——e’h—d - 2cos(h+d))

;€5 %5 g%
T
et [ Kt ihid, ihga, e ke +Eo eih+d, ks + k- oih+d
=T e t% e

h+ ! h+ 2[110 2}1,0
(154)
725 £ 05 )T =
71 [k— thod, _ghd, _K-ket k- g Kethk o4 T
h_ ' T ohe 2, T 2,

(16A)
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