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Absi act: The dielectric-coated impedance cylinder configuration is investigated thoroughly with respect to the space-wave,
" .y-wave and creeping-wave excitations for all source polarizations. A very high directivity is achieved for the space- and
2ak -wave radiation for the antenna structure compared to that from a dielectric cylindrical rod investigated earlier. It is
also observed that such high directivity for the dominant-mode leaky-wave is accompanied by higher-order azimuthal
haimonics with low attenuation constant contributing to the leaky-wave pole, instead of the n = 0 harmonic for the
_.ous configuration. A large enhancement in the space-wave directivity is also achieved, contributed by higher space-
wav harmonics compared to lower-order azimuthal harmonics for the cylindrical dielectric rod antenna. The space-wave
" .eaky-wave directivities are examined with variation in the design parameters and azimuthal harmonics. The phase and
attenuation characteristics of the leaky-wave are used to evaluate the optimized leaky-wave structure parameters and
appropriate azimuthal harmonics that result in high directivity for the configuration. The creeping-wave characteristics for
the configuration are also investigated, with a relatively stronger creeping-wave excitation observed for an inductive

suire-C@-impedance.

1. ntroduction

Non-planar antenna configurations basedi o
cylindrical structures have attracted researchntidte in
vicw Of their applications in missile bodies, btilgurfaces,
~arodynamic structures and borehole
~"..action due to array of dipole antennas pla@edund
the conducting cylinder was investigated in [1]ngsithe
«wuiprocity principle. Diffraction of plane wave eluo a
conducting cylinder was presented in [2]. The scatt field
due to a dipole source in the presence of an tefiniong
perfectly conducting cylinder was reported in [} using
the Green’s function technique. Formulations relate the
seadering of an obliquely incident plane wave diecit on a
«.. "lar dielectric cylinder and far-field radiatiopatterns
due to point sources in the presence of a dietecyiinder
w~ a2 developed in [5] and [6] respectively.

Gain enhancement of printed antennas sobetrate-
suplfstrate configuration was investigated in [Ajlevthat
in a multilayer configuration was treated in [8]igH gain
'~ ~"y-wave planar printed antenna configurationsevaso
reported using the substrate-superstrate and aydtiéd
<tri tures in [9] and [10], respectively.

Excitation of surface-waves on a dielectylinder

" a circular filament of magnetic current wagestigated
in 11] for the lowest order TM mode. The effect of
diff rent source polarizations, particularly forghér-order
modes possessing mode-coupling that
significantly to both space-wave and leaky-waveatah,
* 1 not been considered. The creeping, leaky aridce-
vav s have been investigated in [12] for a dielectnated
circular cylinder and compared with the leaky andace-
w2 propagation for a planar dielectric slab. Hesvethe
axial wavenumberk, has not been considered in the

treatment for the cylindrical configuration in [12]
Characteristics of space-wave, leaky-wave and aigep
waves was investigated in [13] for a dielectricirger for
different source polarizations. A high space-wane keaky-
wave gain was observed for certain parameter values

in geophysicssource polarizations for the configuration. A higdin and

wide-band conformal leaky-wave microstrip antenna
configuration on a coated PEC cylinder was inveséd in
[14].

In addition to research on PEC and codg®&l
objects, the impedance surface both in planar andpfanar
forms have attracted research attention. The planar
impedance surface has been investigated due poaitsical
applications in the treatment of the lossy eartht tts
modeled as a flat impedance surface. The probleano
infinitesimal dipole radiating over a planar impada
surface was formulated in [15]. A reactive impedanc
surface was proposed in [16] to design a miniataripatch
antenna with enhanced gain, efficiency and bandwithe
cylindrical impedance surface was also investigatedew
of its potential applications in the modeling oétfuselage
of an aircraft, spacecraft or a missile [17] orightbuilding
with circular cross-section [18]. A uniform geoneat
theory of diffraction (UTD) based asymptotic sodutiwas
presented in [17] for the Green’'s function relatedthe
magnetic field on a circular impedance cylinderiextby a
magnetic current source. An approximate solution the

contributesevaluation of the scattered field due topa ¢ and 2 -

directed dipole source placed near the finite cotidg and
finite impedance cylinder was presented in [18]UAD-
based approach with the effective impedance boyndar
condition is used to compute the surface fieldsaahin-
dielectric coated PEC circular cylinder in [19].a8ering
due to obliquely incident plane wave on an eleattyclarge
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impedance cylinder was analyzed using the UTD @).[2
In the following work, the space-wavealg-wave
and creeping-waves on a dielectric coated impedance

cylinder is thoroughly characterized for tige, @ and 7 -

directed electric current source located in theindyical
dielectric layer. The reflection coefficient due tihe
cylindrical impedance surface is formulated usirte t
impedance boundary condition. Compared to the aaten
configuration presented in [13], the current counfgion
achieves a much higher directivity for the spaceavand
leaky-wave. Also, a much higher directivity is amled
compared to the case of the impedance cylinderin- th
dielectric coated PEC cylinder in [17] — [20]. Therge
enhancement in the leaky-wave directivity in therent
case is due to the dominant leaky-wave radiationriuted
by the poles due to the reflections in the dieledt-
impedance surface and dielectric-to-air interfagestead of
the poles of the transmission matrix in [13]. Ird&idn, the
dominant leaky-wave radiation in the current case i
contributed by higher-order azimuthal modes contbace
n=0 in [13] corresponding to lower values of attenoati
constant for these higher-order modes. For theespave
radiation, the significant enhancement in diretyivin the
current configuration is contributed by higher-ardeodes
compared to the lower order harmonics in [13]. iDttve
features of the creeping-wave for the current arden
configuration are also investigated for all source
polarizations.

2. Formulation

Fig. 1 shows the configuration of the edpnce
cylinder (Region 1) coated with a dielectric lagyRegion 2).
Region 1 possesses a uniform surface
Z,=Zy+jz; with a radius ofa . The permittivity and
permeability of Region 2 are, and y, respectively with a
radius a, , with the permittivity and permeability of the
outermost layer (Region 3) denoted hg and g,
respectively. An@ - directed electric point source is located
in Region 2 at(p',¢,z') with the observation poinP
located at(p,@,z) in Region 3. A time convention af*

is adopted in the work.

In order to derive the reflection termsedto the
impedance cylinder we consider only Region 1 andidte
2 in Fig. 1 with thed - directed electric point source located
in Region 2. In this case, the z-component of thetec and
magnetic field Green’s functions can be writteriz4g :

{512}:i Zw_“ e—jn(w—af){'fzz} 1)

2 i
In the above, the spectral electric and magnetid fi
componentsE,,and H, are given by :
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Fig. 1. Impedance cylinder coated with dielectric layer.

In (2), | denotes the 2 x 2 identity matrix, whil_Qj (i=2,
j =1) is a 2 x 2 matrix characterizing the local reflectfor

a wave incident from Regionon the Region — Regionj
layer interface. Also, in the abovel,®(x) and J, (x) are

the Hankel function of second kind and Bessel fioncof
first kind of ordern, respectively. In (2), the z-directed

electric and magnetic fields corresponding to éhealirected
electric point source in Region 2 are obtained gigine

operator 5;. The corresponding transverse electric and

magnetic field components can also be obtained {@)m
In order to determine the reflection matR,,, the

impedance boundary condition given by [22] :

ﬁxE:Zslbx(ﬁxl-—l) 4)
is applied atp =4
Eqn. (4) can be written in the spectral domain as :
Ba |<| % 071 oo |27, 1)1 (5)
H,, 0 -Zs' || E, E,.

Using the expressions for the transverse field acomepts
E, andH_, in (5), we obtain the local reflection matrix

due to the impedance cylinder as :
R, =AH?(k,2) 0 -Z,H(k, 2)] 'O

_ _ (6)
[‘]n(kpZaI) l:ll - ZS |]]n(kpza])]
where
_ 1 [ -jaekaB(k,a)  -nkB(k,A)
Bn(“ﬂzai)‘k;zai B, (K ,2) jayzkpzalB;(k,,@J ")

In the above and subsequentl, (x) denotes either
J.(X) or H®(x) corresponding to thd,(x) or H(x)

matrices, respectively. The special case of a ptyfe
conducting cylinder may be taken for whigh =0 in (6).

In such a caseR,, can be evaluated to be :

_ k) HP (k) 0 @)
" 0 -3, () HE (6, 2)
that corresponds to the reflection coefficients

=y (kp2) [ HP (k) and -3/ (k,a)/H (k,a,) for
the TM and TE polarized waves, respectively that ar
decoupled from each other [23].

For the configuration in Fig. 1, the fietadiated in
Region 3 is given by :
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(Bl 1%, on S E
23 |- = dkelkz(z z) eJn(w-qﬂ) ~23 9
_HZ3_ 27T—.[o ‘ HZZ—W |:Hz3:| ()
with the spectral component,, and H,, being
[E, | - T = =
HZB :Hr?)(kpap) D—zaml _R21m29 'O
L™ "z3]
[Jn(kpzp') D7+ H|S|2)(kp2p,) D§21] DS'Z (10)
In (10),
- 2w =,l& 0O
T23 = 2 EDzéEE 2 :| (11)
”kpza'z 0 _/'12
Dy =J,(k,2) HP (k,2) —HP(k, 2) 0, (k, 2)  (12)

R, = Dy iH P (k, 2,) (H P(k, a) —H Pk, 2 ) H Pk, a) |

(13)
_ 1 |-jagk,aB(k;a)  -nkB(k,a,)
k. =
Bo(ka2) k;ai 1B (k) jaukpiazsxkﬂ-az)}(”’
ki=k’-k? ,(=273) (15)

with the termT,, denoting the 2 x 2 transmission matrix

characterizing the wave transmission from Regiorto2
Region 3.

3. Evaluation of space-wave

The space-wave radiation in the stratifiylindrical
media originates from branch cuts associated with t
branch pointsk, = £k; in the outermost Region 3. For the

branch cutim(k,3) =0, poles in the upper Riemann sheet
corresponding tdm(k,;) <0 satisfy the radiation condition

at infinity while those in the lower Riemann shesith
Im(k,3) >0 do not. In order to remove the branch point

singularity in the complexk, -plane, thek, -plane is
transformed into the complew-plane (w=¢&+jn) by the
transformationk, =k; cosw , with the double sheetel, -

plane mapped into periodic strips of widthr Zrom
-1/2<&<3m/2 in the w-plane. Replacing the Hankel

function of the second kind by its asymptotic foion large
argument, the Sommerfeld integral in the complexplane

in (9) can be transformed from an integral alorgyrémal axis
to the integral over the patP in the w -plane [13].
Thereafter, closed-form expressions of the spacesvean
be obtained by evaluation of the Sommerfeld integlang
the SDP (steepest descent path) in wh@lane. The final
closed-form integrals corresponding to the spaceeware
evaluated as :

[ ke H P (k,,0)F (6.9)

jnm

—jkr
=—2je? F(6,9)%

r

(16)

o ) inm ik
| dkze"kZZ%(Hrﬂz)(kmp))F(9, @) =-2ke?> F(er,qp)sin@eT (17)

where most of the integral contribution comes frome
saddle point aw=48, with F(8,¢) describing the elevation
and azimuthal dependence of the fields in the Kerftee
radiatedE, and E, -components of the fields can be there-

after obtained as in [13].
It can be noted here that the conclusiegarding the

contribution to the relevant space-wave harmonarstlie
P, ¢ and Z - directed sources mentioned in the paragraph

following eqgn. (14) in [13] is not valid in the aent case.
Particularly, the contribution to the space-waveiation in
the current configuration have to be evaluated loyraing
up over higher-order azimuthal harmonics till comgence
is achieved. Also, a much higher space-wave dinggtis
achieved for the current configuration relative [13], as
demonstrated in Section 6.

4. Evaluation of leaky-wave

The leaky-wave region is caused by ncecspl
poles in the lower Riemann sheet corresponding dves
growing along the radial direction and decayingngldhe
longitudinal direction. Poles in thk, -plane corresponding

to (9) can be obtained from the condition :

T-R,RY=|> 2 =0 18
RalR)=| § ¢ | (18)
with
_ t’.lt2t3 — t7t8t9
G=1+—2— andG,=1+——"2— (29)
t,(tts —ty) 2 t,(tfs—ty)
and
. . . o
(= [Jezwzs;ln(kpzao 3, (kpzal)][ i ﬂzcd:n Z( KA, 4 f)(kpzal)] (20)
02 p2=S

. —jsﬂ*ﬁ”’(kﬁsaz)Hf)(kpzag +jsm2’(k,,k9;H;2{kp sazJ 1)

03 02

—mgms”'(ltpgawn(k,,za?) +ju;w;<kpfw§”<k,,m] (22)

03 2

_ _EzﬂzwzHrEzy(kpzai)z " jﬂz(‘)Hn(zy(kpé’i)Hn(Z)(kp 2)

kf;z Zskpz (23)
H 2) 2
+ szwstr(m )(kpzal)HrE )(kpza']) + Hr(‘z)(kpzal)z
K,
j&H (K,i2) Iu(k, ) _ &£, (k, 2)H(K, 2)
t, = » » _ » P (24)
k/J3 k/JZ
2
N :[—nszn<kpza2)2 H2 (ko) nszn<kp2az):|;2>(kp@?)] (25)
a'zkpz a2kp3

t _[jﬂza)zs‘];(kpzaj)
T k,Z

p2=S

k

02

. @y
+ ‘]n(kpzal)][w"(k""a) + H;Z)(kpzal)] (26)

k k

03 02

. :[jews”'(kpaazwn(k,,za?) _iesy(k, a)HP(K, 9)] 1)

k k

(= T I HOK,2) _jpai (K 23 H K, 2) | g
\03 \02
Maximum contribution of a leaky-wave pole in theliegion
pattern will occur corresponding to minimum imaginpart

of k, for a discreten. It can be also noted here that the

leaky-wave mechanism is fundamentally differenttire
current configuration relative to [13] since theridpant
leaky-wave poles corresponding to low attenuationstant
are contributed by the teriti - R,, [R,;) characterizing the
local reflections at the dielectric-to-impedancefate and
the dielectric-to-air interfaces, instead of thdegoof the

3
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transmission matrix,, corresponding td,, in (12). This
can be compared to [13], where the dominant lea&yew
poles are contributed by the poles of the trandomsmatrix
T,. As a result, the leaky-wave directivity is foutm be
much higher in the current antenna configuratidatiee to
[13] or that achieved using a single impedanceaserf

It can also be noted that the contributio the leaky-
wave radiation from & - or p - polarized source comes

from the termG, while the termG, contributes to the

leaky-wave radiation for @- directed source. The integral
in (9) corresponding to leaky-wave radiation can be
evaluated using (16) and (17), with the summativer m

in the term F(6,¢) restricted to the dominant term.

However, as compared to [13] wheme=0 corresponded to
the dominant contribution to the leaky-mode radiatiit is
observed that for the current configuration, thetdbution
to the dominant leaky-mode radiation arises frorghbr
values ofn as demonstrated subsequently.

The leaky-wave radiation pattern r/ p - directed
sources can be obtained as :

1

us H —jksr
1 e ghr 1K g 1 €7

Ke © Gy
with the leaky-wave pattern for the- directed source given
by :

(29)

=

E :—lej

m H — jksr
g inegiky I g 1 €77
oo

kK, *G,

03

(30)

with

E, | - _ _
|:E?:| :T23 [D‘]n(kpr,) D + Hr(12)(kp210,) DRZ]] DD’Z (31)

4
Finally, the1/G, term fori=1,2 can be expressed in terms
of the polek, as in (22) of [13].

5. Evaluation of creeping-wave

Creeping-wave corresponds to the wave floav
along the surface of the cylinder and is respoaditt wave
radiation in shadow region. They are characterizgdhe
N©)
D)
replaced by the summation over the residues carretipg
to the poles using Watson’s transformation. Theeirey-
wave poles for the current configuration are olgdifrom

G, =0 for 2 - or p -directed source an®, =0 for ¢-

term f (v) = [13], [24] with the azimuthal summation

directed source from (19) far=v(=v'-ju"), U andV"
being the azimuthal propagation and attenuatiorsteons,
respectively for the creeping-wave. As a resulte th
creeping-wave poles depend on the source polasizafihis
can be compared with [13] where the creeping-wasle
are independent of the source polarization. Then tRi(v)

for the current configuration is evaluated as :
For Z - or p - directed source

N() = Le"2ewehs
m

g (32)
03

and for - directed source

N()=-Le 2ewehs s pr 33)
T k

'p3
where E, and E, in (32) and (33) respectively can be

obtained from (31) fon=v.

6. Results and discussion
6.1.Space-wave radiation

In  this section, the space-wave radiation
characteristics for the dielectric-coated impedaogénder
are examined for different source polarizationshwihe
source located at the center of the dielectric ingaat
p'=(a +a,)/2 for this and all subsequent cases discussed

in the paper. The variation in the space-wave tadia
characteristics with the coated impedance cylinder
parameters is shown in Fig. 2, for excitation withZ -
directed source, with the outer medium (Region 8)rae
space. Fig. 2(a) shows the pattern characteristith
variation in the permittivity of the dielectric direg for the
inner and outer layer radi#, =0.474,, a, =0.744, and
Z,=(1+1))Q . A maximum directivity of 28.94 dB is
obtained fore,, =11.9 with beam directions at 38.59° and
141.41°. It is observed that convergence in trecepvave
radiation characteristics is obtained within thenga of
n=-20 - 20 for this and the subsequent space-wave
patterns. The results for this case are also cosdpaith
simulation. The simulations throughout the paparehiaeen
conducted using the High-Frequency Structure Sitaula
[25], with a Z -directed electric source of dimensidp/50
and the length of the coated cylinderlasl,. An excellent
agreement between the theoretical and simulatadtseis
observed. The space-wave directivity obtained fbe t
dielectric coated impedance cylinder structure isoa
observed to be much higher than that obtained l@r t
cylindrical rod structure in [13]. This was alsarified to be
true for comparable parameters and dimensions ef th
current antenna structure and the cylindrical rotk@na in
[13] for this and the following cases of space-weadiation
described below.

The variation in the space-wave charésttes with
the radius of the impedance surfaeg for &,=3.9,

Z, =(1+1j)Q is next investigated with the coating thickness
maintained at0.274, as in Fig. 2(a) (Fig. 2(b)). It is
observed that fora, =0.461,, a maximum directivity of

25.97 dB is achieved with the beam directions af47and
132.26°. The beam is also seen to gradually scemarts
the cylinder axis fo10.451, < a, < 0.48\,. The directivity is
however reduced to about 13.52 dB #&r=0.481, due to
an increase in the side lobe level.

The space-wave characteristics with thgation in
the outer dielectric radius, is shown in Fig. 2(c). A

maximum directivity of 23.75 dB is observedat=0.744,

, at beam directions of 45.07° and 134.93°, with lfeam
gradually scanning towards the cylinder axis withrease
in the outer dielectric radius. However, compareth Wwig.
2(b), an increase in the outer dielectric radius hdesser
effect on the directivity reduction due to a graddua

4
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Fig. 2. Variation of space-wave radiation pattern for excitation with a Z -directed source with (a) ¢,,: a =0.47A,,a, =0.74},,
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a=0471,,8,=074,,Z;=1Q .

enhancement in the side-lobe level in this case.

The effect of an increase in the reat pathe surface
impedance on the radiation characteristics is next
investigated (Fig. 2(d)). It is observed that theatm-
direction is almost unaffected with increasirgf . A

beam-direction is almost independent with positioe
negative excursions af; .
The space-wave characteristics exciteth i p -

directed source for the structure is next investidaFig.

_ R ) ) 3(a) shows the variation in space-wave radiatiorth wi
maximum directivity of 26.56 dB is obtained at theam-  change in the permittivity of the dielectric coafirit can be
directions of 45.07° and 134.93° far; =0 Q . Thereafter,  gpserved that a maximum directivity of 27.95 dBligained
an increase irzg causes an increase in the side-lobe levelfor ¢, =13 with beam directions at 18.29° and 161.71°.

resulting in a reduction in directivityThe simulated gain  Though not shown in the figure, the directivity gilg
obtained through HFSS is also shown in this cagetduhe reduces fore,, >13 due to an increase in the side-lobe

loss of the inner core. It can be observed that@ieiCtion  jaye| The results for the optimum case are alsiigé with

in gain with increase iz is minimal, with the maximum simulations, using g -directed source of length, /50.

gain reduction around 1.1 dB 2t :SQ.' . S The effect of the variation in the radia$ the
- Next, the space-v:c/avE charafcter|st_|cs w(;a:hatlon In impedance surface, on the space-wave radiation is next
_t € @agmary part. 0_ t.e surtace impe anzg _'S examined for thep -directed source (Fig. 3(b)). It is
mveshg_gted. The variation in the space-wave aﬂa_restm_s observed that a maximum directivity of 28.54 dBldained
for positive values ofz: is shown in Fig. 2(e) while Fig. at a =046, that is higher than the corresponding

2(f) shows the space-wave variation for negativieies of ] o ) o ] o
Z". It can be observed from Fig. 2(e) that an optinvatue directivity obtained in Fig. 2(b) with th& -directed source.
° A similar characteristic is observed in Fig. 3(&jith a

of directivity of 28.54 dB is obtained for; =10Q with maximum directivity of 27.20 dB ad, =0.741, that is

beam directions at 44.78° and 135.22°. For incnegsir . T
o : . higher than the pattern directivity in Fig. 2(c)hel space-
decreasingz; beyond the optimum value a5 =109, wave variation withz, and zZ shown in Figs. 3(d) — (f)

the directivity is reduced due to an enhancemettténside- also shows that the optimum directivity achieved by

poe level. Th.'s can pe cpr_npqred with Fig. 2(f) vena excitation with thep -directed source are at 29.22 dB, 31.21
steady reduction in directivity is observed 2a$ reduces i i i
. . S dB and 26.02 dB respectively, which are higher tiiza
below 0, with a maximum directivity of 22.21 dB at .~ ~ . " : P )
. . ; directivity values obtained in Figs. 2(d) — (f) oesponding
Z;=0Q. It is also seen from Figs. 2(e) and (f) that the . . ~ .
to the excitation using th& -directed sourcelhe simulated

5
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Fig. 3. Variation of space-wave radiation pattern for excitation with a p -directed sourcewith (a) ¢,,: a =0.474,,a, =0.744,,
Z,=(1+1))Q, (b) a/A,: €,=3.9, a8, -a=027),, Z;=1+1))Q, (C) a,/A,: €,=3.9, 8 =0.47),,Z, =(1+1))Q, (d) Z; (Q) :
£,=3.9, 8=0471,,a,=074,,2,=1Q , (€) Z1(Q): &,=3.9, 8 =0.471,,a,=0.741,, Z; =1Q and (f) 21 (Q) : &,=3.9,

a =0471,,a,=0.741,,Z,=1Q .

gain characteristics in Fig. 3(d) also show thaniaimal
gain reduction is obtained at around 1.1 d&Zat=5Q .

imaginary part k!

z !

satisfying the fast-wave condition
k!/k,<1. The variation in the normalized leaky-wave

For thep-directed source, it is however observed that phase and attenuation constantg/k, and k!/k,

the space-wave directivity is lower compared tottha
corresponding to thé& - and p -directed sources. As such,

this case is not discussed for brevity.
It can be noted that by looking into the air-digfiec
boundary at p=a, , one might find the equivalent

impedance which accounts for the impedance cylimpdies
the dielectric layer of Region 2. However, the khic
dielectric coating 0f0.274, as in the current work have to

be modeled, taking into account the impedance serénd
the TE-TM coupling in the dielectric layer, whicltould be
complex. In addition, we would not be able to amalyhe
present configuration with the source inside theleditric
layer. It is also found that the pattern directivivith the
source inside the dielectric is higher comparetht cases
where the source is on the outside surface or én din
region ( Region 3).

6.2. Leaky-wave radiation

The leaky-wave radiation, caused duedw-spectral
poles in the lower Riemann sheet are characterizgd
G, =0 and G, =0 for Z / p - and ¢ -directed sources,
respectively. It might be noted that the dominant
contribution to the leaky-wave radiation for didere is
contributed by poles in thek, -plane with minimum

respectively with respect to the design parametershown
in Fig. 4 for excitation with thez / p -directed source. The
variation of the complex propagation constant vattange
in the permittivity of the dielectric coating ishn in Fig.
4(a). For Fig. 4(a), only dominant poles correspogdo
lowest k! / k, values for discrete1=3,5 and 9 are shown
for clarity. In this and the following, the valueg N that are
not considered correspond to either the non-eisteof
leaky-wave poles ok!/k, being high corresponding to a
leaky-wave pole, corresponding to low-directivity.
However, it must be noted that, some poles in &#g) e.g.
for £, =27,28 and 29 that are just outside the fast-wave
condition correspond to proper surface-waves inupper
Riemann sheet. It can also be observed that irrdgmn
£, =19- 22, no leaky-wave poles are present. The current
configuration can be compared with [13], where the
dominant leaky-mode pole always correspondsnte0
compared to the higher-order azimuthal harmonics
contributing to the leaky-wave mechanism in thiseca

The leaky-wave radiation characteristiosith
variation in permittivity of the dielectric coatindor

excitation with theZ / p -directed source is shown in Fig.
6(a). In plotting the pattern$)=5 is chosen fore,, =3.9
and 11.9,n=9 for ¢,=9 and 15 while forg,, =13,

6
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Fig. 4. Variation of the normalized leaky-wave phase and attenuation constants for excitation witha 2 - or p -directed source

with (8) ¢,: a=0.471,,a,=0.74},, Z, =(1+1))Q, (b) a/A,:
a,=047),, Z,=(1+1j)Q (d) Z.(Q) :
Z.=10Q.

£,=3.9, 8,-2,=027,, Z,=(1+1))Q (C) a,/4,: &,
£,=3.9, a=047),,,=0.74),, ZL =1Q and (€) Z:(Q) :

=3.9,
a =0471,, a,=0.74,,

n=3 are chosen, corresponding to the minimum values ofcharacteristics with variation in the radius of tielectric

k! /k,. It is observed that for the case of,, =9, the
directivity is comparatively lower than for the ethcases
due to an enhanced radiation arouhd90°, in spite of a
small beamwidth af =26.33 and153.67 in the directions
of maximum radiation. A maximum directivity of 3D.2iB
is obtained for a coating permittivity &f, =13 with 2/ p -
directed source excitation. The directivity is atdrserved to
be much higher than that obtained in Fig. 6(a) [fb8]the
leaky-wave.

The variation of the leaky-wave propagatconstant
with variation in the radius of the impedance stefds
shown in Fig. 4(b) fom=4,5 and 6. It is observed that
corresponding to the above values rof leaky-waves are
supported in the rang@.4<a, /A, < 0.5. It is seen from

Fig. 4(b) that the attenuation constant correspundio

N=5 is the lowest in the rang@.44<a, /A, < 0.E, with
minimum value ata, = 0.464,. The radiation characteristics
in the range0.45< a, /A, < 0.47%is shown in Fig. 6(b) for
n=5. A maximum directivity of 27.38 dB is observed fo
a =0.464,.
Fig. shows the

4(c) leaky-wave propagmatio

coating. It is observed from the attenuation chigréstics in
Fig. 4(c) that an effective leaky-wave operatingioa can
be obtained from 0.72<a, /A,< 0.6 for n=5
corresponding to the lowest values o /k, . A
discontinuity in the phase constant is observed at
a,/ A, =0.66 for n=4 corresponding to the transition of
the leaky-wave pole to the guided mode regigfVk, >1)
and back to the leaky-wave wave propagation regldre
radiation characteristics in the ran@&/3< a, /A, < 0.75%is
shown in Fig. 6(c). A maximum directivity of 25.9B at
a, =0.744, is obtained.

The variation in the leaky-wave propagatconstant
with the real part of the surface impedamcshown in Fig.
4(d). A fast-wave region is obtained for< Z; <100Q
with the lowest attenuation obtained fat =0Q , n=5.
The corresponding radiation characteristics in Fogd)
show a steady reduction in directivity with increasz,
from the maximum directivity value of 27.83 dB, ithe
beam direction almost invariant with change 2. The
simulated gain in this case show a maximum gainatain
of about5.1dBaz; =5Q .
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Fig. 5. Variation of the normalized leaky-wave phase and attenuation constants for excitation with a ¢ -directed source with
@ ¢,: a=0471,, a,=0.74),, Z,=(1+1))Q, (b) a/A,: £,=98, a,-a=0.271,, Z,=(1+1))Q, (C) a,/A,: &,=9.8,
a =047}, Zs=1+1)Q, (d) Z,(Q): &,=9.8, a =0.474,, a,=0.74),, Z.=1Q and (€) Z.(Q): a =0.474,, a,=0.74),,
ZL=1Q.

Fig. 4(e) shows the leaky-wave propagatio observed that fore,,=15-18, k!/k, is near to 1

characteristics with change in the imaginary parttt®  .orresponding to the proper surface-wave regioe. [Eaky-
surface impedance. It is observed that the lowst@ation \yave radiation characteristics are shown in Fig) T¢r the

characteristics are obtained fon=5 for z{>0Q values of the coating permittivities with the lowes
compared to negative values of; . The minimum  attenuation constants which are gt =9, ¢,=9.8,

attenuation occurs ax =10Q , N=5 corresponding to £,=20 and &, =22with n=3, 6,3 and 4, respectively.

which the highest directivity of 29.84 dB is obhin Fig.  The highest directivity of 27.83 dB is obtained &ocoating
6(e), with a steady reduction in directivity witeatease in  permittivity of £, =20, much higher than that obtained in
Z: in Fig. 6(f) corresponding to a gradual increase in [13].

attenuation with reduction iZ; for ZZ <0Q in Fig. 4(e). The propagation characteristics of thakyewave

It can also be noted that as for the space-wawe|etiky- with variation in the radius of the impedance stefdor
wave directivity is significantly higher for the ment excitation with thep -directed source is shown in Fig. 5(b).
dielectric coated impedance cylinder compared te th Eor this and all subsequent cases of Fig. 5, thevaat

cylindrical rod antenna in [13] for comparable peeters  yalues of N corresponding to leaky-wave poles are at
and dimensions of both antenna structures for ks of =5 6 and 7. It can however be seen from the variation of

leaky-wave radiation. . L - the real part of the propagation constant from Bifp) that
The leaky-wave characteristics for exmtawith a ¢ the maximum leaky-wave operating range occurs her t
-directed source is next investigated (Fig. 5). Bi@) shows  n=5 and 6 harmonics, with the real part of the progagat
the leaky-wave propagation constant with changeh®  c,nsiant in the vicinity of the upper Riemann steeface-
coating permittivity, where only the dominant leakgve wave region forn=7 . The corresponding radiation
pole with the lowest values of attenuation constanta characteristics are shown in Fig. 7(b) in the range

given permittivity is shown fon=3, 4,6 and 7. It can be 0.46< a, /1A, < 0.47¢, with the dominant contribution due to

8
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Fig. 8. Normalized creeping-wave pole loci in the complex v
variation in (a) ¢, :
£,=3.9, a=047}, Z,=1+1))Q, (d) Z,(Q) : £,=3.9, a
a,=0.47),,a,=0.74),,Z5 =1Q .

the n=6 harmonic. A maximum directivity of 18.27 dB is
observed ab, =0.474,.

The leaky-wave propagation constant widniation
in the radius of the dielectric coating is showrig. 5(c). It
is observed that the real part of the propagatastant for
Nn=5 possess discontinuities a&, =0.744, and 0.8), for
which the leaky-wave pole migrates to the propefase-
wave region and thereafter returns to the leakyewav
propagation region. A similar discontinuity is obss at
a, =072, and at a,=0.82), for n=6 and at

a, =0.714, and ata, =0.754, for n=7. The radiation

characteristics in  Fig. 7(c) are shown for
0.738<a, /A, < 0.74: corresponding to which the

attenuation constant is minimum for the=6 harmonic
with the phase constarkt,/k, =0.387 at a, =0.744,
being well inside the leaky-wave region correspogdio
radiation nearer to broadside. A maximum direcfivitf
18.27 dB is obtained &, = 0.74/4,.

The variation in the leaky-wave propagatconstant
with the real part of the surface impedance is showrig.
5(d). It can be observed that uptq = 25Q , the dominant
contribution to the leaky-wave with minimum attetioa
constant is contributed by the=6 harmonic, withn=7
being dominant thereafter. The radiation charasties with
change in the surface impedance is shown in Fid). &

This article is protected by copyright. All rights

-plane for z - or p -directed electric source excitation with
a,=0.471,,8,=074,, Z,=1+1))Q, (b) a/A,: £,=3.9, a,-3,=0.274,, Z, =(1+1))Q, (C) a,/A,:

=0.47),, 3,=0.741,, 2. =1Q and (e) Z.(Q) : &,=3.9,

maximum directivity of 18.27 dB is noted f@, =1Q .

The simulated gain characteristics show a maximain g
reduction of about 2 dB & =5Q .

The leaky-wave propagation constant widniation
in the imaginary part of the surface impedancehisas in
Fig. 5(e). A minimum attenuation range is obseriredhe
range -10< 22 < 5Q for the n=6 harmonic, with the

phase constant deep within the leaky-wave regidme T
corresponding radiation characteristics are showifrigs.
7(e) and (f) forz;>0Q and z; <0Q respectively. The

maximum directivity of 24.59 dB is achieved at
Z;=-0.1Q , with a steady reduction in directivity for
Z:>0Q andz!<-0.1Q.

It may be noted that the space-wave radiation én th
antenna configuration generates from the branchs cut
associated with the branch poirks= +k, corresponding to
the outermost Region 3. On the other hand, leakyeware
produced by non-spectral poles that are presethteinower
Riemann sheet. It had been noted earlier thatpgheeswave
radiation patterns are plotted by considering thienathal
summation overn in the range-20 - 20 . The high
directivity in the space-wave radiation is conttédml by a
particular dominanth in the above range, with the non-
dominant radiation in other directions due to otv&ues of
n. Poles in the leaky-wave radiation correspondmghis
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£r2

dominantn are found to be non-spectral that contributes to
leaky-wave radiation. However, when the leaky-waoée

is not dominant ( corresponding to higher attermmti
constants for the leaky-wave ), the space-waveatiadi

dominates over the leaky-wave radiation. The egogll
agreement discussed in the manuscript between

theoretical and simulated results of course is iteghe

small difference between the theoretical and sitedla
results below -20 dB, that contributes to part leé hon-

dominant radiation.

6.3. Creeping-wave

The dominant contribution to the creepivayes for
the configuration correspond to poles with a lotemtation
constantv” obtained fromG, =0 for excitation with thez

/ p -directed sources and f@, =0 for excitation with the

@-directed source fon=v. A pole is associated with the
leaky-wave, creeping-wave or trapped-wave dependimg
its location in the complexw -plane. Particularly, the
conditions v’ <k,a, , v'=k,a, or v'>kya, correspond to
the leaky-wave, creeping-wave and trapped-waves,
respectively [26], [27]. The trapped-wavEll{ott modes),
are slow-waves propagating within the dielectrigelain
Region 2, characterized by low attenuation rateShe

the

=3.9, a,-a,=027,, Z;=(1+1j)Q, (C) a,/A,: &,=3.9,
=074, Z:=1Q and () Z5(Q): &,=3.9, a =0.47A,,

creeping-waves (Watson modes) possess higher atienu
rates compared to the trapped-modes.

The normalized creeping-wave pole locithwi
variation in the design parameters is plotted ig. Biand 9
for excitation with thez /5 - and theg -directed sources,

fespectively. Figs. 8(a) and 9(a) demonstrate ffexteof
the variation in coating permittivity on the norizald
creeping-wave pole. It is observed that normalized
attenuation constant decreases sharply with a sthatge
in the normalized phase constant fdt<¢,<6 |,

corresponding to creeping-wave, with the wavapped
inside the dielectric foe,, >6 with a very small attenuation

constant. The permittivitye,, =6 corresponds to the

transition between the creeping-wave and the trdyyseve.
It can thus be observed that for a higher coatamgngtivity,
surface-waves propagate circumferentially with venyall
attenuation constants.

The normalized creeping-wave pole locithwi
variation in the radius of the impedance cylindeshown in
Figs. 8(b) and 9(b). It is observed that fr>0.781, and

a >0.50, for the 2/ » - and theg -directed sources

respectively, the surface-waves are trapped ingtue
dielectric with reduction in the attenuation comssa while
for lower radii of the impedance cylinder, the wavare
creeping in nature with increase in attenuationstaomt.

11

This article is protected by copyright. All rights reserved.



However, a much stronger effect on theratation configuration are dependent on the source-poldoizaas
constant is observed with the variation in the wadf the contrasted to the homogeneous dielectric cylindéera
dielectric coating in Figs. 8(c) and 9(c), with igrsficant they are independent of the source orientation. The
reduction in the attenuation constant with incregsioating creeping-waves are also observed to be more syrongl
thickness both for thé / 5 - and theg -directed sources. It ~excited by an inductive surface-impedance compaoed

is observed that surface-waves with very low atiion are  capacitive surface-impedance for all source-poiions

. . : : with the thickness of the dielectric coating sigmftl
trapped in the dielectric layer fa, > 0.784, corresponding affecting the creeping-wave attenuation chargcttesgirsa y

to both the 2/ p - and ¢ -directed sources, with the
dielectric coating radiusa, =0.781, at the transition 8. References
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