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Abstract—This paper presents an alternative vector analysis  For the near-zone field, only a small amount of work [9] has
of the electromagnetic (EM) fields radiated from thin circular-  peen reported in the literature due to the difficulty in evaluating

loop antennas of arbitrary radius «. This method, which employs . ;
the dyadic Green'’s function in the derivation of the EM radiated integrals analytically. Recently, Werner [1] employed the

fields, makes the analysis more general, compact, and straight- Lommel expansion and the Euler’s identity to evaluate the
forward than those two methods published recently by Werner Hertzian potential integral and further express the electromag-

and Overfelt. Both near and far zones are considered so that net|C Components in terms Of the Sphencal Bessel functlons

the EM radiated fields are expressed in terms of the vector-wave . . . .
eigenfunctions. Not only the exact solution of the EM fields in and the spherical harmonics. An arbitrary current is assumed

the near and far zones outside the region (where > a) is derived  [9] at the beginning; but later a Fourier series is employed to
by the use of the spherical Hankel function of the first kind, obtain general results in closed form and, finally, a cosine
but also the closed-series form of the EM fields radiated in the rrent distribution and. further. a constant current density
near zone inside the region0 < r <« is obtained in series of . . "

the spherical Bessel functions of the first kind. As an example, '€ considered to specify the obtained general results. In the
a Fourier cosine series is used to expand an arbitrary current meantime, Overfelt [2] assumed a constant current distribution
distribution along the loop and the exact representations of the of the thin loop antenna and derived the series form of Hertzian

EM et s o e loop cvenpinre e 00nod i porental anc, hereafe,the adisted near-zon feld by mecns

current loop and further for the uniform current loop. Validity of elliptic integrals. The two papers contribute significantly to
of the approximate formulas is discussed and clarified. Error the exact evaluation of the electromagnetic radiated fields in
analysis based on numerical computations of the radiated fields the near zone.
is also given to show the accuracy of the limiting cases. However, the results obtained [1], [2] are, as indicated
Index Terms—Closed-form solution, eigenfunction expansion, by Overfelt, valid only for the regiom < a where a is the
electromagnetic radiation, loop antennas, vector-wave functions. radius of the loop. Also, the techniques presented in the
two papers is not so straightforward and general. This paper
I. INTRODUCTION aims at providing a more general, straightforward and simple
fnethod to obtain the electromagnetic radiated fields in closed

HIN circular-loop antennas carrying different forms of h th fiolds. with H >
the currents and their radiation characteristics have bel@i™- Bot t_ N exgct near fiels without the restriction on
observation point (i.e., valid for both0 < r<a and

investigated by many researchers over the last several decades. i :
>a) and the exact far field are obtained regardless of the

Literature is readily available for the circular loops located if . )
imensions of the loop antennas. Also, the improper statement

free-space [3]-[12] and immersed in layered media [13]-[15], . i .
The radiation characteristics of the circular-loop antennas c2hthe validity of the approximate formulas to be deduced is

also be readily found from antenna textbooks [16]-[22].  PPinted out.
As stated and reviewed in [1] and [2], many papers dealt
with the radiated fields in the far zone due to circular loops
with certain restrictions, e.g., the far field due to a uniform
current [3], the distant-field due to a sinusoidal current [4], Consider the geometry in Fig. 1 where the origin of the
the approximate and exact far-zone field due to a hyperbotipherical coordinates is located at the center of a thin circular-
cosine current distribution of a small loop [5] and a larger looleop antenna.
[6], and the far-field intensities due to a Fourier cosine seriesSimilar to [1, Eq. (22)], the volumetric electric current
current [10] and a traveling-wave current distribution [11]. density may be expressed as

Il. GENERAL FORMULATION OF
ELECTROMAGNETIC RADIATED FIELDS
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z . where z, (kor), which takes the forms of the spherical Hankel
Dhservation function of the first kindhﬁll)(kor) for the fields in the region

r > a and the spherical Bessel function of the first kijndkor)
for the region0 < r <a, represents the spherical Bessel
functions of ordet, andP}*(cos 8) is the associated Legendre
function. The notations mn and ! mn of the dyadic Green’s
function in (3) mean that the summation form of both even and
odd modes should be taken into account when the integral in
(2) is evaluated.

Substituting the current distribution in (1) into the integral
Fig. 1. Geometry of a thin circular-loop antenna. (2), we have the following general formula for the electromag-

netic radiated fields in the region=
electromagnetic waves into the free-space. The equations ];F T

e - Tee . : 45M< MY
determining the electromagnetic radiated fields are given = 770k0 Z Z { M";" "m(ko)
follows [23], [24]: oy &M mn(ko)

N< (1)
dsj‘f\rnn rnn(kO)
(5a)
H= VxG J'y dv’ 2b
/ / / x Grolr,r) - I() @) o g 212 N (1)
. <| = E Z Z Din 451\4> ( )
where the subscrlpV represents the volume occupied by n=1m=0 rnn omnAR0
the circular loop and?zs0(r,7') denotes the dyadic Green’s o< M ¢

Nrnn cmn ko)
function of the electric kind in free-space. 451\’ M, (ko) (Sb)
The dyadic Green’s function of the electric kind in free- o mn
space was given earlier in terms of the spherical vector-wa(@€re 7o = 1207{} denotes the intrinsic impedance. The
functions by Tai [23] and applied by Lét al. [24] recently. spherlcal Bessel function of the first kind (i.e4(kor) =
The magnetic kind can be obtained by simply applying thie (ko)) is used in the vector-wave function ., and
duality relations to the electric kind. It is found that the formdY ;mn; the spherical Hankel function of the first kind [i.e.,
of the dyadic Green’s functions of electric and magnetic kinds (kor) = At (kor) is used in the vector-wave functions

are of the same form and given by M(lr)rm( o) and M(lr)rm(ko)] They are also used under the
_ P same rule in the coefficients of the series EM fields, &&.>
GEJO("'7 ,,_/) _ _T_Zé / Lk'o Z Z 2 (5mo o Ne e Ne omn
kg =t = andé- - -0 andd- = . These coefficients are expressed
b
M(lr)nnM/ rnn(k ) + N(lr)nn(kO)N/ "ln(ko) y @1\4< . m
r > re |: ]%lrnn:| _ —CL|: J(r{)(k'oa) :| dPn (0)
Mzrnn(ko)M/e(;)ln(kO) + NZrnn(kO)N/e(;)ln(kO) dsj;"?" ha (koa) df
° r S 7,/ ¢ 27 cos
. [ Sty ag (62)
whereé,,,, (= 1 for m = n; and0 for m # n) denotes the < dlaj)n(koa)]
K'ronecker symbol, and the normalization coefficidny,,, is Lp]\rgn —Taq Pada mP™(0)
given by < dlahn” (koa)]
D, = 2n+1) (n— m)!' g da
n(n 1) (nm) R e ae (6b)
In (3), the vector-wave eigenfunctions are defined in the 0 o
spherical coordinates system as follows: and the associated Legendre functi@fi(0), and its first-order
i (kr) . X derivative dP*(0)/df are given by
M, (k) = F 222 prcos ) med .
° sinf " cos el n+m
- 2" lsin | =(n+m)w|T DT
k ] dP:Ln(COS 9) COS N 4 dPn (0) _ 2 2
—2n( 7)Tsinm¢¢ (4a) do ﬁr<n—m+1>
Ny (k) = n(n 4+ 1)z, (kr) P Q)COS o 2
,mn it kT— n \COS €in maor (7a)
n a[%zn(kw)] dPran(COS 9) C.OS md)é I o 1(71 I m)’]r r n+m+1
kror de sin Pm(0) = 2 2 (7b)
m O[rz,(kr)] sin 4 n <n ) :
pm 4b r
Fono  mro, Ln(cosf)  moe  (4b) VT
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In the above consideration, we did not include the observation

points exactly on the spherical surface of the loop radius. In Hy — ﬁ i zn: D - QSAanh(l)(k r)

fact, the fields on the surface= a, except wheré = 7/2, Hy | dm & 27 QA,fmjn(km)

can be expressed by eithd&” and H~ or E~ and H<

wherer is assumed to be. At the points where: = a and LM pmieo Q)Sin (m) + dPy"(cos 8)

6 = /2, the fields consist of the aforementioned principal- sing " dé

value contribution and the additional contribution due to the Me d[Tthl)(]{;OT)]

singularity term of the dyadic Green’s function [i.e., the _cos (me) smnT Lordr (9b)
first term of (3)]. This additional contribution can be easily sin v Alrgn(kor)]

integrated and analytically obtained, but will not be calculated o™ Lordr

since it is not practically needed here.

It can be seen from (5) that: 1) the expressions in (5) H> Lko D
are the general form of the radiated fields valid for any {H% o Z Z mr
current distribution; 2) once the current density is specified,

rnn

QS b rnnJ" (kOT)

n—l m=0

V< WP (kg 7)]

the intermediates (6) and therefore the fields in (5) can be dP(cos 8) cos mo_.
obtained in a closed form; 3) the field expressions obtained : 40 sin (me) F Singpn (cosf)
in (5) are valid for any observation point, i.e., for both the dlrh Y (ko
3 ) . . M< Al (kor)]
regions where->a and0 < r < a; and 4) the fields in (5) sin Smn T Loodr
are given in compact vector form, which can reduce to the " cos (me) . d[7,j2(k07,)] . (90)
scalar form, e.g., s Lordr

DAD oy From the above procedure, we can see that the derivation of
B> ok e n(n + Dhn” (kor) the radiated fields is more general and straightforward than
=10 Z Z Dy | © ke that given in [1]. Also, the closed form for a given current

E; 47 N> n(n+1)jn(kor) L2
P _ distribution is very compact, as seen from (5).

n=1m=0 o
cmn ]i'oT

oo n

m Ccos
- Py (cos 9)Sin (me) Ill. FOURIER SERIES CURRENT DISTRIBUTION

(8a) Since any current distribution can be expanded into the
Fourier series, to obtain the exact representation of the radiated

Ey = - _nok§ i zn: D QSMr:nh(l)(km) fields, we assume that [1]
E0< dm n=1m=0 " ds}wn?njn(k(ﬁ) oo
J—— )= Icos(pg). (10)
. sz(c Se)sm( ¢ + (cos 8) s
sin 6 de . . o . . .
W With this current distribution, the intermediates in (6) reduce
N< d[7 hn (/{}07 )] to
. CcOoSs f;rnn Lordr )
sin "D dlrgaCor)] O raNe) s SO Gy
e kordr D] m0)Em a0 | b (koa)
EIEEE= ) [ o . dajn ko))
E 47 e &2 5.(kor) (@< T koada
¢ n=1m=0 rnnJ" 0 omn | _ m 0
_dsé\h?n_ +mmnal, P (0) d[ah%l)(koa)] (11b)
 dE(cos6) c(lzos %) Z?S (mep) F —— 7 P (cos ) koada
m St since

, e drhi (kor)] . 1
_sin cmn Lardr cos ; n_
o v dlrgtor) &9 [} St at6) = w4+ oo

cmn kordr ) ] o
It is noticed that the odd mode @<’ and the even mode

and of Y in (6) vanish so that the radiated fields are further
simplified to
W) (g
< n(n+ 1Dhy (kor) B> 12 oM< D (L
H>:| Lk‘o ‘mn kar |: :| 770 AN Z Z D { |: emn emn( 0)
Dy | © v E< @ M ey (K
{ ZE_I gt 7+ Un(kor) e emnMermn (o)
onln kOT + [Q(J)\WTNN(()]’;BLTL(I{O) :| }
. P™(cos 9)23? (mo) (9a) - omn (ko)

(12a)
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H> ikg D PM< ND (ko) Therefore, we do not need to repeat the preceding derivation.
- Z Z N DM> N (Ko) Instead, we just specify the parametet 0 in the previously
given formula (14). Substituting: = 0 into (11), we can see

n=1m=0

N < (1)
+ {gg\m%mng:oﬂ } (12b) that both®’}> and®.\< are zero such that the electromagnetic
omn omn\V0

fields in (14) are further simplified. Thus, we finally have the
So far, the exact integration solution of the radiated fieldgdiated fields expressed as

has been evaluated analytically and presented in terms of the > 9 oo M< (1

spherical Bessel functions and spherical harmonics. Numerical {g% _ _ kg Z Dy, [%%MEO)"(ZO)} (15a)
computation of the similar summation of the spherical Bessel Peon Meon (ko)

and Hankel functions and the spherical harmonics in [25] and H> 0 45%51\72&(/60)

[26] shows that the summation converges rapidly and that at { } = Z On{ %,?Neon(ko)} (15b)
most 20 terms for the index should be taken usually.

where, with the reductio”)*(z) to P,(z) asm =0
IV. SINUSOIDAL CURRENT DISTRIBUTION M< i
. . 455\9@ = —2maly 47 (0) J{{)(koa) (16a)
As a degenerate form of the Fourier series form representa- D0 do  |h\Y(koa)
tion, the current distribution of the circular loop is commonly o2n+1
assumed to be a sinusoidal and varies along the circumference Don = nin+1) (16b)
of the loop. Letl,, = 0 in the Fourier series expression except . ) )
for n # p, we therefore have Slncem_: 0 m_the vector-wave functions, the _components
of the radiated fields can be expressed by taking the scalar
I(¢') = I, cos(pg'). (13) form of (15) as
The solution of the radiated fields can be easily obtained by |:E1’>:| _ |:E0>:| -0 (17a)
letting 1,,, = I,6,m, in (12). Substituting this relationship into Es Eg
(12), we obtain EZ _ nok3aly i 2n+1 dP,(0) dP,(cosf)
[ET B noko ZD HQSW Gon(k 0)} EZ 2 n(n+1)  db d
B o U2l Mo () B“w w(koa)} (17b)
| (BN () (hor)iad (o)
@0 N opn (ko) and

14a i s
(14a) [H,?} _ Lk(%aIO Z(Qn —1) df;,;e(()) P,(cos6)

> M < ar(1)
1] 5 [
dsepn Neirm( 0) 1 (1 )
N < (l) h (k07 )Jn(koa):| (18a)
QS nMopn(kO) /{}07 (/{;07)[1( )(/{Joa)
+ Al’> M (14b)
Py M opn (ko) {Hg} _ —ikaly i 2n+1 dP,(0) dP,(cosb)
r < | =
where the intermediate@é\ﬁg and <I>op>n are given by (11) Hy 2 n(n+1) do db
and the eigenvalug: is replaced by. The components of the d[Tthl)(k;OT)] .
electromagnetic radiated fields can be easily obtained from the ) dordr In(koa) (18b)
vector form in (14) by substituting the individual components d[rjn(kor)]h(l) I
of the vector-wave functions in (4), respectively, into (14). kordr n (ko)
H>
¢ | =0. 18
V. UNIFORM CURRENT DISTRIBUTION {H{j} (18¢)

Uniform current distribution of the loop antenna, i.e., It should be emphasized that (17) and (18) are the exact
I(¢') = Iy where I, is a constant, represents the simplesfolutions of the electromagnetic radiated fields in the regions
case of the circular-loop antenna radiation. This assumpties- ¢ andr < a, respectively. Also it is noted that there is no
is valid and accurate enough for the circular-loop antennagy restriction on the dimension of loop antennas.
which are electrically small in size. With this assumption, the
exact solutions can be easily obtained, as dealt with in tBe Simplified Components
past by Balanis [21], Stutzman and Thiele [19], Elliott [17],

Kraus [20], and more recently by Wemer [1] and Overfelt [2](t Electrically Small Loop: For the electrically small loop

hat is, kpa < 1), we have [27]

A. Exact Expressions in Terms of Spherical Harmonics jn(koa) (koa) (19a)

. . . . ~ l
In fact, this case can be considered as a particularly special (2” + 1')'
case of either the Fourier series, where only the first term R (koa) ~ Goeet 1 (19b)
exists; or the sinusoidal case, where the paramgter 0. 27 n! (koa)*t!
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Therefore, the solution for this case can be found instantly 169] that “the fields radiated by a small loop, as given by (5-
from the general solutions in (17) and (18) by taking the firdt8a)—(5-19b) [in fact, (23a) and (23b)] are valid everywhere

term of the summation (i.e., assuming= 1 only) except at the origin.”
- Wrp .
EZ1 _ nok§a’ly <in 0 §L1 (Kor') (20a) C- Simplified Components
E< o 4 —jl(/{}(ﬁ’) . .
¢ - (koa)3 Far-Zone Fields: To obtain the far-zone results, we may
H>|  i(koa)’lo hgl)(kow) makt.a use of the following approaches (see [23, p. 217] or
| =——F——cosf| 3 . ] (20b) [27]):
Ny 2r le(km) .
n CZ T
] - dlrh (P (kor)] B (hor) A (=)™ S (24a)
H0> . ikoa Io . konT 1 .
)= | e L b o] o (240)
(koa)?  kordr kor dr kor
since Also, the following recurrence relations are needed for further
reduction [23, p. 205]:
dP;(cos0) .
Py(cosb) =cosf, and —gp - —sn 6. dP™(cosf) 1

7 = 5[(n -m+1)(n+ 1)P,’L"_]L - P,’[’*l]
To confirm the correctness of the above formulation, we (25a)

make use of the following formula [28]: .
m cot QP:Ln(COS 9) = 5[(71 —m+ 1)(71 + 1)Prrln—1 + Prrln-l-l]'

(1) n—l—l C 71 + g 1 ¢
hn (kOT) km Z E’ 2/€o7 (25b)

(21a) Furthermore, we have by letting = 0 in (25) and thereafter
canceling the term(n + 1)P;!

so that
dP,(cosf)
L P o] e i fott) T e )
kor dr kor &(n By substituting (26) and (24) into the general form of the
) 1 \* radiated fields in (17) and (18), we have
i— 21b
By taking only the first two terms fon = 1, these two B~ nokoaly ™" & (i) 2n+1
functions reduce to the following forms: ¢ 2 et n(n + 1)
ikor - PYH0)PL(cos 8) 5, (koa) (27b)
(1) -y — — c _ i 22 n n Jn 0
hl (k07) IfOT <1 [;IfoT) ( a) H7> %Hg =0 (27C)
7 (L) . ikor 2 ikor
1 d[rhy (ko) _ e 1 L (1 ' Hp ~ — koaly e Z(_i)n_l 2n+1
kor dr kor tkor kor 2 ro= n(n+1)
(22b) - PX(0)P(cos 0), (ko). (27d)

With the substitution of (22) into (2.0), the general formulas it is given by Flammer [29] (for one form with plus sign) and
(17) and (18) reduce to the following well-known results: by Lj et al. [30] (for the other form with minus sign) that

0 k‘oa 2_[0 . ikor 1 et _ l
E7 = % sin fek <1 - W) (23a) Jon(krsin@) = 3 (&)™ (2n + 1)%
i(koa)?I - 1 = :
g = = Won) do g (1 - .—) (23b) PP (0) P (cos 0) i (kr). (28)
! 2kor? ikor
(koa)?I ‘ 1 1\2 Therefore, (17)-(27) again reduce to the well-known com-
Hy = — A 20 gip getor |1 — — — <—> (23c) ponents form of the far-zone electric and magnetic fields as
ar ikor kor follows:
except that the sign of the imaginary symbas changed due E> =E; =0 (29a)
to the different time dependence chosen. nokoaly chor
As shown in the form given previously in (20), the results qu 102070 —— Ji(koasinb) (29b)
given in (23) are validnly in the outer spherical region where > ~H” =0 (29¢)
7> a. The radiated fields in the inner spherical region where T e T ‘
r < a are given by the field&< andH < in (20). However, this > o~ koaly e*or Ty (koasinb) (29d)

validity was not realizedin the past, as stated by Banalis [21, 2
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(b)

Fig. 2. Three-dimensional normalized patterns of near zéjecomponent andHy-component as a function of for various values ofr. (a) E,
field pattern. (b)H, field pattern.

which were given by Balanis [21] and again obtained from therror analysis of the approximate results such as those in
far-zone approximation by Werner [1]. Insteadetsf! in either  (23) for an electrically small loop and in (29) for the far-
[21] or [1], the paper assumes the time dependence’ so field approxmiation have already been carried out numerically
that again the forms presented here take the conjugate for®s\werner [1] and Overfelt [2] based on the exact series
of [21] and [1]. expression. Therefore, this paper will not repeat it. However,
the near field&=< and H < in the spherical inner region< a
VI. NUMERICAL RESULTS radiated due to the uniform current loop given by (20) were
As stated, the radiated field&> andH~ in the near and far not reported elsewhere. Also, they were sometimes mistaken
zones in the spherical outer regien- o radiated due to the to be E~ and H~ in (23). To gain an insight into these near
loop antenna carrying a uniform current are given by (20fields, this paper will present the antenfigplane andH -plane
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Normalized E and H fields where r<a Relative Error of E and H fields where r<a
1 B m— > 1000 ¢ T ‘
- = - Etield ——
T H Field === 1
08 | . 1 e N
3 & 100 .
~ 0.6 5 :
g &
_ L3
£ o4 2
z E Field —— E 10
0.2 H Field - i \\
: i
‘ |
0 1 1 1 1 1
0 0.2 04 0.6 0.8 1 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative Radial Distance r/a Relative Radial Distance r/a

Fig. 3. Normalized electri £, component with respect to = «) and Fig. 4. Relative error of the electricE, component) and magnetidd,
magnetic(H, component with respect to = 0) fields inside the spherical component) fields inside the spherical regiog a.
regionr < a against the radial distance

To show the difference between the actual fields in (20)
patterns based on the exact results in (20), together with &y the assumed near fields in (23), Fig. 4 depicts the vari-
error analysis. ation of the relative error of both electric and magnetic field

Consider a circular loop of radius = 2A. If the loop componentsk,, and Hy in the region wherer <a. In the
dimension is very small, the antenna pattern is, as can mﬂputaﬂon, the anglé = 7 /2 is assumed since this plane
seen from (20), just a sinusoidal or cosine pattern. HOwWevey, of particular interest. It is seen that the error of thig
when the loop size becomes larger, elgi,= 4 > 1, itiS  component increases tremendously at an observation point
no longer this type of patterns. Under this approximation, thgar the loop although the continuity of the component exists

field componentst;, and Hy are approximated as where the error is zero. At = a,0.9a,0.8a,0.7a,0.6a, and
nokolo . 0.5a, the relative error of, is about 0, 34, 86, 161, 325,
qu ~ Te”“oajl(kor sin 0) (30a) and 624%. The relative error of the magnetic field component
koo Hy varies with» slowly compared to the electric field. At
Hy ~i =22 0% gin 070 (kor sin 6) (30b) 7 = a,0.94,0.8a,0.7a,0.6a, and 0.5a, the relative error of
2 H, is about 141, 157, 181, 223, 296, and 442%. WhEh is
since used to represerf ;- inside the region < a, however, a very
m large error is present everywhere. At a point around origin, the
<i) [£" T ()] = 2™ Ty () relative errors of bottt, and Hg approach infinity. It should
xdx be pointed out that the first term of (17) is used to calculate

the error since it is more accurate than the approximated

wherem = 1 andn = 1 are assumed.
" " formulas (20).

Its near-field patterns of;(krsin®) andsin 8.Jo(kr sin 6)
in (30) due to such a loop of radius= 2X are normalized
and plotted in Fig. 2. It is seen that the antenna pattern varies VII. CONCLUSIONS
with the radial distance for < a. Due to the symmetry of the  rhis paper presents an alternative method for obtaining
pattern, only the rangg0 — ) for the spherical polar angle g|ecromagnetic radiated fields due to circular-loop antennas
6 is considered. At the center of the loop, both patterns are(ﬂ‘farbitrary radius. The method is more general, compact and
the sine functional shape. When the observation point is qugﬁaightforward, as compared with the recent two methods
close to the loop, both th&-plane andH-plane patterns of  plished. In particular, the results are valid for the regions

the loop become complicated. , of both » > a and r < a. With this method, the closed-form
Both the electric £, component) and magnetiél compo- o) tion of radiated fields due to circular loops which carry

nent) fields in the inner spherical regien< a are computed o current distribution/(¢') can be obtained as long as
numerically and shown in Fig. 3 as a function of the radial CoS

distance by using (20). The electric field is normalized to tH8€ function I(¢) . (m¢') is integratable analytically. To
field value atr = a and the magnetic field to that at—= 0. show how the exact results are obtained, a general current
It is seen that the electric field is zero at the origin while théistribution that is expanded into the Fourier cosine series
magnetic field is at the maximum in the inner region. This is considered. Then, two applications are made where the
physically true, as can be confirmed by tB®t—Savart law exact fields everywhere due to a sinusoidal and a uniform
From this variation, it is definitely sure that (23) cannot bop current distributions are derived. Finally, the method is
used to represent the fields inside the spherea since both confirmed by applying it to obtain the exact results for the
electric and magnetic fields in (23) approach infinity-as: 0. uniform current distribution, and the well-known approximate
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results by asymptotic expansions (i.e., the far fields duy®] L. w. Li, T. S. Yeo, P. S. Kooi, M. S. Leong, and X. Ma, “Full-

to loops of any dimension and the radiated fields due to
electrically small loops). Numerical error analysis is carried
out and antenna patterns of the near fields whetesz are
plotted and discussed.

REFERENCES

[1] D. H. Werner, “An exact integration procedure for vector potentials ¢
thin circular loop antennasfEEE Trans. Antennas Propagatol. 44,
pp. 157-165, Feb. 1996.

[2] P. L. Overfelt, “Near fields of the constant current thin circular loog
antenna of arbitrary radiusJEEE Trans. Antennas Propagatol. 44,
pp. 166-171, Feb. 1996.

[3] D. Foster, “Loop antennas with uniform currenftoc. IRE vol. 32,
pp. 603-607, Oct. 1944.

[4] J. B. Sherman, “Circular loop antennas with uniform currefrdc.

wave analysis of a circular aperture antenna covered with a dielectric
hemispherical shell radome over ground plad&EE Trans. Antennas
Propagat, to be published.

Le-Wei Li (S'91-M'92—-SM’'96) received the B.Sc.

degree in physicsfrom Xuzhou Normal University,
Xuzhou, China, in 1984, the M.Eng.Sc. degree
in electrical engineering from the China Research

- Institute of Radiowave Propagation (CRIRP), Xinx-
-3 iang, China, in 1987, and the Ph.D. degree from

— Monash University, Melbourne, Australia, in 1992.
= From 1987 to 1989, he spent two years in lono-

spheric Propagation Laboratory at the CRIRP, Xinx-
iang, China. In 1992 he worked at La Trobe Univer-
sity (jointly with Monash University), Melbourne,

(5]
(6]

IRE, vol. 32, pp. 534-537, Sept. 1944, Australia, as a Research Fellow. Since 1992 he has been with the Department
G. Glinski, “Note on the circular loop antennas with nonuniform currenef Electrical Engineering, National University of Singapore, where he is cur-
distribution,” J. Appl. Phys.vol. 18, pp. 638—644, July 1947. rently a Senior Lecturer. His current research interests include electromagnetic
J. E. Lindsay, Jr., “A circular loop antenna with nonuniform currentheory, radio wave propagation and scattering in various media, microwave
distribution,” IRE Trans. Antennas Propagatol. AP-8, pp. 439—-441, propagation and scattering in tropical environment, and antenna radiation.

July 1960.
[7] E. J. Martin, Jr., “Radiation fields of circular loop antennas by a direct
integration process,IRE Trans. Antennas Propagatvol. AP-8, pp.
105-107, Jan. 1960.
[8] T. T. Wu, “Theory of the thin circular loop antenna}. Math. Phys.
vol. 3, pp. 1301-1304, 1962.
[9] F. M. Greene, “The near-zone magnetic field of a small circular-lo
antenna,”J. Res. NSBvol. 71-C, no. 4, pp. 319-326, Oct. 1967.
B. R. Rao, “Far-field patterns of large circular loop antennas: Theoreti
and experimental resultslEEE Trans. Antennas Propagatol. AP-16,
pp. 269-270, Mar. 1968.
S. M. Prasad and B. N. Das, “A circular loop antenna with travelin|
wave current distribution,|JEEE Trans. Antennas Propagatol. AP-18,
pp. 278-280, Mar. 1970.
G. S. Smith, “Loop antennas,” iMntenna Engineering Handbook
New York: McGraw-Hill, 1984.

[10]

(11]

[12]

(13]
J. Res. NBSvol. 59, no. 2, pp. 133-137, Aug. 1957.

Mook-Seng Leong(M’81) received the B.Sc. (elec-
trical engineering with first class honors) and Ph.D.
degrees (microwave engineering) from the Univer-
sity of London, U.K., in 1968 and 1971, respec-
tively.

He is currently a Professor of electrical engineer-
ing at the National University of Singapore. He is
a member of the Editorial Board fd¥licrowave
and Optical Technology Letter$lis main research
interests include antenna and waveguide boundary-
value problems and semiconductor characterization

using the SRP technique.

J. R. Wait, “Insulated loop antenna immersed in a conducting medium,” Dr. Leong is a member of the MIT-based Electromagnetic Academy and
a Fellow of the Institute of Electrical Engineers, London, U.K. He received

, “A note on the insulated loop antenna immersed in a conductinge 1996 Defence Science Organization (DSO) Research and Development

medium,” Radio Sci. J. Res. NBSol. 68-D, no. 11, pp. 1249-1250, Award from DSO National Laboratories, Singapore, in 1996.

(14]

Nov. 1964.

[15] R. H. Williams, “Insulated and loaded loop antenna immersed in a
conducting medium,"Radio Sci. J. Res. NBSol. 69-D, no. 2, pp.
287-289, Feb. 1965.

[16] S. A. SchelkunoffAdvanced Antenna TheoryNew York: Wiley, 1952.

[17] R. S. Elliott, Antenna Theory and DesignEnglewood Cliffs, NJ:
Prentice-Hall, 1981.

[18] R. W. P. King and G. S. SmithAntennas in Matter: Fundamentals,

Theory and Applications Cambridge, MA: MIT Press, 1981.

W. L. Stutzman and G. A. Thielédntenna Theory and Design New
York: Wiley, 1981.

J. D. Kraus,Antennas2nd ed. New York: McGraw-Hill, 1981.

[19]

[20]
[21]
Wiley, 1982.

R. E. Collin, Antennas and Radiowave PropagatiorNew York:
McGraw-Hill, 1985.

C. T. Tai,Dyadic Green’s Functions in Electromagnetic Thed®pd ed.
Piscataway, NJ: |IEEE Press, 1994.

L. W. Li, P. S. Kooi, M. S. Leong, and T. S. Yeo, “Electromagnetic
dyadic Green’s function in spherically multilayered medi&EE Trans.
Microwave Theory Techvol. 42, pt. A, pp. 2302-2310, Dec. 1994.
L. W. Li, P. S. Kooi, M. S. Leong, T. S. Yeo, and X. Ma, “An analysis of!
a circular aperture antenna covered with a dielectric hemispherical s
radome over ground plane,” iDig. IEEE AP-S Int. Symp. USNC/URSI
Radio Sci. MeetNewport Beach, CA, vol. 3, June 1995, pp. 1442-144
M. S. Leong, L. W. Li, P. S. Kooi, T. S. Yeo, and X. Ma, “Layered
hemispherical radome analysis including effects of rainfall,"Piroc.
Malaysia Int. Conf. Commun. (MICC’95).angkawi Island, Malaysia,
Nov. 1995, pp. 12.3.1-12.3.4.

J. A. Stratton, Electromagnetic Theory New York: McGraw-Hill,
1941.

[22]
[23]

[24]

[25]

[26]

[27]

[28]
Products New York: Academic, 1980.
[29]
Press, 1957.

C. A. Balanis, Antenna Theory: Analysis and DesignNew York: [ ;

- Pang-Shyan Kooi(M'75) received the B.Sc. degree
in electrical engineering from the National Taiwan
University, Taipei, in 1961, the M.Sc. degree in
electrical engineering from UMIST, Manchester,
U.K., in 1963, and the D.Phil. degree in engineering
science from Oxford University, U.K., in 1970.
Since 1970, he has been with the Electrical En-
gineering Department of the National University
.4 of Singapore, where he is currently a Professor of
electrical enginnering. His current research interests
are microwave and millimeter-wave circuits and
antennas.

Tat-Soon Yeo (M’80-SM'93) received the B.Eng.
(honors) and M.Eng. degrees from the National
University of Singapore in 1979 and 1981, respec-
tively, and the Ph.D. degree from the University of
Canterbury, New Zealand, in 1985.

Since 1985, he has been with the Electrical En-
gineering Department, National University of Sin-
gapore, where he is currently an Associate Pro-
fessor. His current research interests are in wave
propagation and scattering, antennas, and numerical
techniques.

I. S. Gradshteyn and I. M. RyzhikTables of Integrals, Series, and Dr. Yeo received the 1997 Defence Science Organization (DSO) Research
and Development Award from DSO National Laboratories, Singapore, in 1997.
C. Flammer Spheroidal Wave Functions.Stanford, CA: Stanford Univ. He is also the Chairman of the MTT/AP/EMC joint Chapter, Singapore |IEEE
Section.



