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Numerical Analysis of Arbitrarily Shaped
Probe-Excited Single-Arm Printed Wire Antennas

Rong-Lin Li and Hisamatsu Nakan&ellow, IEEE

Abstract—A general integral equation technique is described P(R.9,)
for analysis of an arbitrarily shaped single-arm printed wire
antenna excited through a vertical probe. A unified current
integral equation is formulated on the basis of dyadic Green’s
functions and the reciprocity theorem. The current distribution
is obtained by using a parametric moment method in which
parameter segments are adopted for the printed wire instead
of the commonly employed wire length segments. The radiation
field solution involving both the printed antenna and vertical
probe is also presented. The validity of the formulation is verified
by comparing the numerically obtained input impedance and
radiation patterns for a linear antenna and a meander antenna
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spiral are investigated to illustrate the applicability of the present -
technique. Vertical probe V/é/o‘;m;i‘x y

Al dwme S o

To

Index Terms—Integral equation, microstrip antennas, moment
method, printed antennas, probe feed.

/

. Ground plane
I. INTRODUCTION x#

OR more than ten years, printed wire antennas hagl c-ité.d tgs/egr?litr;?/cglf;ré;;bltranly shaped single-arm printed wire antenna

been numerically investigated by a number of researchers

[1]-[7]. In all of these works, it is assumed that the antennas
are excited by a center-fed de|ta_gap V0|tage source. In or@étenna is formulated. This equation is then solved using the
to realize such a center-fed antenna, a balun circuit [8] muspment method based on a parametric representation of the
be used, which increases the complexity of the system. printed wire geometry. A concise computational formulation

The coaxial feed has a relatively simple structure. Usingfar the far-zone fields radiated from the vertical probe and
coaxial feed, a printed antenna (horizontal element) is excitBtinted antenna is also presented. To verify the validity of the
through a vertical probe, which is formed by extending thf@rmulation, the numerical results of the input impedance and
inner conductor of the coaxial line. The numerical techniquéadiation patterns for a linear antenna and a meander antenna
presented by the above researchers, unfortunately, are irRf& compared with measured data. Finally, a circular open loop
pable of handling such a vertical coaxial feed model since tA8d an Archimedian spiral are investigated to demonstrate the
formulations include only the effects of the horizontal elemer@pplicability of the present approach.

Recently, a numerical analysis was presented in [9] for
single-arm printed antennas excited through a vertical feed II. FORMULATION
wire. The numerical model in this work, however, was devel-
oped only fpr an Achimedian spiral. The feeding model haﬁ_ Current Integral Equation
not been discussed in any detail. ] ) ] ) o

Our intention in this paper is to present a general numerical | N€ probe-excited single-arm printed wire antenna is illus-
analysis for a probe-excited single-arm printed wire anteni4ted in Fig. 1. An arbitrarily shaped thin wire anterfavith

with an arbitrary shape. The analysis is based on an integf4f® radiusa, is printed on a grounded dielectric substrate with
equation approach. thicknessh and relative permittivitys,.. The printed antenna

First, a unified current integral equation governing this €xcited at the starting poirt of the printed wire through

current distribution along the vertical probe and printed wird Vertical probel”. The inner and outer conductor radii of the
coaxial line area, andb, respectively. It is assumed that a

Manuscript received December 31, 1997; revised June 16, 1998. sc_Jurce_pomt (whose pOS!tIOI’l V_eCtor is) is Sm_“'fatEd On_th_e
R.-L. Li is with the Department of Electrical Engineering, Zhejiang Uniwire axis and an observation point (whose position vectar)is
versity, Hangzhou, 310027 China. o is located on the wire surface with a thin-wire approximation

H. Nakano is with the College of Engineering, Hosei University, Kogalnebt .
Tokyo 184, Japan. hat is, botha, and a, are much less than the free-space
Publisher Item Identifier S 0018-926X(98)06873-2. wavelengthAg). The electric field at the observation point is
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expressed as where
- — - i 1% sinh(uz
B() = [ (8 )T+ V)G, 7)) G e ) = — Y / Shu) g pordy, @)
L W erko fre
L=V+S 1 j o0
_ Gyt )= = D (1=e)cos @ [
where I(I') is the unknown total axial current/ is the .51*/“0 0
unit dyadic,G(7, 7’) is the potential vector dyadic Green's _sinh(uh) cosh(uz) JOp)A2dA, (9)
function, and JrmfrE
- 305 [ e IRoR- P
_ ekd, TEV s =l __‘1{ +/
R (r) = { 1.2 ’ Tes (2) oisle) = i ko R, 0o UofTE
o7 - [uo sinh(uh) — u cosh(uh)]
with ko = 27T/)\0. —ug(z—h)
Therefore, the tangential component of the electric field e - Jo(Ap) d)\} (10)
along the wire is 60 oo
s . J
oo — - ? slp)=lim —— (1 —¢,) cos <I>/
/ (k32 - U+2-VV) -G (v, 7") ’ =—h ko 0
/ _ sinh(uh) cosh(uh)
() d2' + 5(61 kgz-U+2-VV) frvfre
_ ES@, 7). S1(s) d, FevV ST 0T LT (Ap) AT dA, (11)
EI(T): o - .
/ (k33-T+5-VV)-G(7, 7) In (5)—(11), J,,(e) represents theth order Bessel function of
v ’ the first kind
P 25 T4 5.
_I( )d7+/5(k03 U+3-VV) w=1\/A2 — ek, wo=/A2— k]
L -G (7, 7)) - 81(s)ds, T E(% frE =uo sinh(uh) 4+ v cosh(uh)
whereG*(7, 7/) andG*(7, 7') are the dyadic Green’s func- frne =eruo cosh(uh) + u sinh(uh)
tions for az’-oriented vertical electric dipole (VED) embedded R.=vp?+(h—=2)?
in the dielectric substrate and &Roriented horizontal electric gnd
dipole (HED) on the dielectric substrate, respectively. _ Y WLV B 12
The dyadic Green'’s function of thié-oriented VED is given pu \/(x S e R (12)
by p=V(&—a)?+y—y)?+a? (13)
=, G@(r, NEE, reV where (z, y) and (¢, /') are, respectively, the Cartesian
G(r, 7)) = Gilp, )33, TeES (4) coordinates of the observation and source points along the

) wire axis. Substituting (4) and (7) into (3) and letting =
where Gy, (z, 2') and G%(p, 2') are represented by Sommersy, + 2(9/9z), where the subscript indicates transverse to

feld integrals [10] éJ“ time dependence is assumed anghe » component of the operatdv, we have
omitted throughout this paper)

. ( g
. 60; K2GE (2, py
Yz 2) = — /5{57 RoGL v (= po) + 5

ETI{JO
([ A V.G (2, p0) - 8
/ cosh(uz")[u cosh[u(h — z)] [ (G v (7 )-8
o ufrm a N
+ erup sinhu(h — 2)]| +8 G (2, pb)} I(s")ds
~Jo(Aay) dA, Z<z<h 5) 52
SIS} _ +/ {E,JCQGZ, zZ, % G (2, z }
/ cosh(uz)[u cosh[u(h — 2')] E(r) = v oG (=2, #) + 922 (G (= )]
o uftm I(2) d? eV
+ e,up sinhu(h — 2| 5
| SQa)dy, 0<z<# / {kgaz,s<p>[§ Fi
G( 7’)—1im—@ T ° 83
s D=0 )y T [5G0 + 6z sl 1) 0
-cosh(uz")e™ " E=M) Jo(Ap) dA. (6) 92 B
— +/ — [GZ(p, 2HI(Z)d”, 7 es.
G*(7, 7') for the ¥'-oriented HED s [11] v 050z (14)
55(?, 7 It is noted from (8) and (10) that
_ { Cavl g RV 0T TEY ) VG ) = Vi) (5)
G s(p)8'8 + G2 5(p)2'¥, res VG2 5(p) = — VG2 s(p). (16)
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Substitution of (15) and (16) into (14) leads to

. 9
2GS (2, py
/S{E (; LvlE et
= Gt )

15]
Gy |

I(s")ds'

1309
Gi(p, #')
607 7 woA ,
sinh(uz")Jo(Ap) dA. 27
o . (uz")Jo(Ap) (27)

Note that the Sommerfeld integrals in (24)—(27) involve only
the Bessel function of the first kind and zero order.
Inserting (20)—(23) into (17) yields

82 ¢ 82
TREGE (2, A — [G% (=, 2 2075 __Z
s - (/ ){d G0 )+ g G >]}V RE R S
A7) az, T € -
) 1G22 ) + G2 (2, p,b-)]}I(s') s’
[{#6s sl 51+ 5. - o
S ] ] +/f{57,k0G{f(z, Z/) - 9+ 9z
i G+ G (o) ) e
o2 o /V] N g E(7) = 1G5 (2, z’)]}](z’) dz', revV
\ +/Vasaz[s<p,z>1 (') d, 76(.) a1
17 /{koag p)E- 8] - =2
USIng S S 88/ 88
16 () + G2 <p>1}f<s'> s
dJo(A (G2 s s
JOPA = (;(p ) (18) 2 _
( /Vay/as[G (o, DU !, 7 € 5.
and (28)
dp . It is worth mentioning that the integrand in the first right-hand
cos & =——7 (see Appendix) (19) term of (28) is simplified as
e e G (o o) = =[G (22 pu)] 4 G (e )]
9 9 . erkg G v (2, po) — 5552 [Ga v(2 po)l + G2 v (2, po
5, Glvlz p) = = 55 G2 (2 p) (20) o 0s' 0z
= — A= GZ vy z)|- 29
G = - gL G ) @ 3 0z 1050 ) )
4 7
9 _ 0 4 Hence, substituting (29) into (28) and integrating by parts, we
az GZ,S(p) - as/ GZ,S(p) (22) Obtaln
0 = AN 0 1z !
g GS(p7 z ) - 9 GS(p7 z ) (23) / / dI(S/) 3 [é (p )] iy
where s ds 37 v s
G vz 1) { &) Gl )
607 /°° u sinh(wh) sinh(uz) o
= - r 1 e d
erko (e ) 0 JrmfTE {E’ko vz 2)()
-Jol()\p,,,.))\ A (24) d (7 [ & (o, )] b
Gz, 2) s
60j / Yz / B =
- —{I<z> Gie ) Tev
E"’ko -\ _ a" z'=0
4 o )\ El(7 ) -
/ o sinh(uz’)[u sinh[u(h — 2)] {kggg S(p)B-FI(s)
0 / s
+e,ug coshju(h — 2)]] dI(s') o
Joha)dN,  Z<z<h 25) 7 95105 5P+ G2 s(p)] pds
T . , 9 5'=5.
/0 U,fTM smh(uz)[u smh[u(h -z )] —{I(S/)% [ ( ) + G ( )]}
+ e,up coshfu(h — 2')]] dI(z') o 8'=o0
| BQan)d,  0<z< + A L) L (Gsl, )
i,s(ﬁ) N ) #'=h -
607 a )/OO uo sinh(uh) cosh(uh) —11(z )g [G5(p. 2')] ) res
= —— —&r \ Z2'=
ko o SrmfTE (30)

- Jo(Ap)AdA

(26) whereS, indicates the arm-end point at the printed wire.
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From (25) and (27), it is evident that segments and 2) the basis function is directly defined as a
function of the parametric variable instead of the wire length.
Gy (2, #)]z=0 =0 (31)  without loss of generality, we begin with representing the
Gir (2, )=t = G%(pu, 2)|sr=or- (32) geometry of the printed wire axis in a parametric form

By using (31) and (32) and the current boundary condition at;(t) — 2(8)F + y(t)j + h2 T,<t<T 7S (36)
the arm-end poing., i.e., I(S.) = 0, the final expression for T -

Ei(r) s where 7 (T,) and 7 (T") corresponds to the position vectors
([dI(s) O  ~. , for points ¢’ and S., respectively. Note that the parametric
/S ds’ Oz (G5 (0o, 2)]ds variablet varies fromT; to 7" continuously. For convenience,
' > e , , we choose the paramet&h numerically asly = h.
+/V{E"kOGV(Z’ Z) () Dividing the interval [0, k] of the thickness into(zy =
di(z') 0 - , , _ 0, 21, --+, zn, = h) (Nyv is the number of length segments
T 9, (G5 (2, = )]}dz ; rev over the vertical probe) and the interJal 7’| of the parameter
t into (tNV = h, tNy 415 "y ENy4+Ng = T) (NS is the
E(7) = kG2 s(p)[3-51I(s') number of parameter segments over the horizontal printed

antenna), we express the unknown current distribufidh as

dI(s’) @ .
dS) a[Gi,s@HGz,s(p)]}ds' N
+ / dgif)aﬁ[ég(p, 2)|d () =S LB.z) (0<z<h) leV
v dz s N -
—1(h) % {G5(p, h) I(l) = .
[ G s(0) + G s v=0. T ES. Is(t)= Y LB.(t) (h<t<T) leS
| 7 (33) n=Nv o

Note that (33) involves only the first-order derivative OINhere I’s are unknown current coefficients3, (z) (n —
Sommerfeld integrals. This derivative is removed by virtu& 1, -, Ny) andBy () (n = Ny, Ny +1, ---, Ny + Ng)
of integration by parts when the impedance matrix elementg,, :
which will be shown later in (45) and (46), are calculated.

The reciprocity theorem is used to develop the current inte-
gral equation. Under the thin-wire approximation assumption,
the reaction current integral equation is expressed as [10]

piecewise sinusoidal basis functions:

S-ln(T — Tn_l) s Tn—1 S T S Tn
sin(r, — Th—1)

I3 Bn('f—) = w7 Tn S T S Trtl (38)
/ Ef(7)I()dl = by (2 Te(7) d7 (34) sin(7p41 — 7n) -
L 0 0, otherwise

where T¢: denotes the test current sourcE/ (7) is the | here the variable denotesz or #.

tangential electric field at the observation point) (due to Using the conditionZ(I) = 0 at the arm-end poin§., we

the test current sourc&c(')(I’ € L). ¢v is the reaction gpigin Iny+ns = 0. Thus, substituting (37) into (34) and
guantity of the magnetic current distribution and the mag”e%oosing

field generated by a VED at= 2’ over the coaxial aperture,

which is given by [10] Bo(#) (m=0,1, . Ny)
’ ’ < V/ < !
d) ( /) _ Vo /oo é Rrve % + e—u(2h—z ) T — / (0 S7 S h) l'eV -
V) T lbjay) o w Doar c) =13 Bn(t') (m=Ny, Ny +1,..., (39
Ny 4+ Ns —1)
- [Jo(Ab) — Jo(Aay,)] dA (35) (h<t<T) I'c$

where Vs (= 1 V) is the voltage applied and we obtain a set of linear equations

U+ €,uQ

RTM = m, DTM = RTM — G_QUh. Ny+Neg—1
— &rUQ
Z Zrnn-[n :Vrna (m:()a 1a Tty NV
B. Parametric MoM Solution n=0 Ny +1, -+, Ny +Ns —1)
The current integral equation in (34) can be solved using (40)

the method of moments (MoM). In this section, a parametric

MoM is used, which is more suitable to curved wire antenngs, . o

[12]. The parametric MOM has two important features: 1) the N

geometry of the wire is represented with a general parametric Vie= | ¢v(2)Bm(2)d? (41)
equation rather than the commonly used piecewise length 0
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Z consists ofZY and Z> , which are given as
, h a
Zr‘nn / / a [Gs(pb7 )] dt/ dz
h z

b ph
+ / / {E,,kgG@(z, VB () Bp(2)
0o Jo

+ B!, (2)B,(2) % (G (2. z’)]}dz’ dz

rnn / / { kO
h h

YO(t, t)Bm(t) By (t)

B ()Ba) % 62,5(0) + G2, (0]t

h a
/
/h / ) o [Galp, 2] dt

- Bm(h)Bn( ) {Gs(p, h)

h

— [GS s(p) + GZ,S(P)]Htf:h dt

with
:AA/deS_/ 14l ’ 174t
Dt #) = 5815 9 = (02 (E) + o/ ()
in which

2 (t) = dx(t)/dt, ' (t') = dz(t')/dt

y'(t) andy/ (t') are similarly defined. Integrating by parts, we

have ZY and Z>

mn mn

v, = / B () Bu ()G (por h) — Bu(0)G (o, 0] df

h
-/ / )G, =)t dz
h

+ / Bl () Ba(W)G (b, )

- BO,,,(O)G@(O, 2N d7

+ / ' h{s,,kgG@(z, 2YB(2)Bp(2)
— ;;l(z?)B;(z)é;(z, 2NV} d7 dz

Zn B (DG s(p) + G2 s(Pe=r

I

Ba(W)[G, 5(p) + G, 5 ()=} d’
+ / 36 N BB
— B, (t)BL(1)[G: s(p) + G2 s(p)]} dt’' dt

h

+ / B () BolT) Gl pler, 2)
0

—B Gs(ﬂ|t =h, % )]d7

h
/ / HG%(p, 2')d2 dt
h

m<h>{ (TG0, h)
—[G5 s(p) + éz,s(P)]]t’_:I{L

~BLMIGE(. 1)~ 62 500+ G2 sl |

t=h
T o~
+ / B (W) B (t){G(p. h)
h ~
—[G: s(p) + G2 s(p)]}e=ndt. (46)

After substitutingGs(p.., 0) = 0 andG%. (0, E /) = 0 into (45)
and B, (T) = 0 into (46), we combineZ,,, with Z3  to
obtain Z,,,,

7'7

h h
mn_/ / {E,kOGV %, 2 )Bm(Z)Bp(2)
— B! (B ()G (2, 2)} d7' dz

/} /}{ko YI(t, #) B () B (1)
B (E)BABIG s(p) + G2 s(p)]} dt' dt

h
/ / ()G (po, 2) i d
h

[ mmncs. 2 i
h 0

T ~
+ / Bon(!) Ba(){G(po, 1)
=[G s(p) + @Z s(P) = dt’
+ / B (W BL({G5(p, )
G2 5(p) + G2 (P}t
~ Bu(WB(1)[Ci(p, h)
- )+ G ooy 47)

t=h

[ i,s(ﬂ

Checking (47) term by term, we find that the evaluation
of Z,, may be carried out by directly using any of the
known numerical integration schemes. This is because all of
the integrals inZ,,,,, are definite integrals and all the integrands
are a function of either parametemor variablez.

We should note from (41) and (47) that the solution to the
current distribution involves the evaluation of six Sommerfeld
integrals. The numerical considerations and treatments of
the Sommerfeld integration have been presented by various
authors [1], [13]-[15]. Two treatments are of particular interest
here: A) the first is to alleviate the difficulty in the evaluation
of the integrals as source and observation points come close
together and B) the second treatment is to save computer

Authorized licensed use limited to: HOSEI UNIVERSITY KOGANEI LIBRARY. Downloaded on October 2, 2009 at 02:04 from IEEE Xplore. Restrictions apply.



1312 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 9, SEPTEMBER 1998

time in filling of the MoM matrix. In A), the integrals are y A
decomposed with the help of image theory into two parts: 1)
the perturbation term (characterized by the presence of surface /
wave poles), which is a well-behaved integral and 2) the

singularity-containing term, which can be treated analytically ) S
[10]. For B), we employ the so-called interpolation algorithm ‘
[4] in which the Sommerfeld integrals are precomputed on a
grid of points in the solution domain and then used repeatedly L.=20 mm
in a table look-up together with interpolation. For this paper,
two one-dimensional (1-D) interpolations n[G; s(p) and @
G2 s(p)l, three 1-D interpolations in [G5 (2, '), G5 (z, #),
and ¢y (2)], and one two-dimensional (2-D) interpolation in YA e
(p, ) [G%(p, 2)] are required. Note thaG%.(z, z’) can be
converted into a combination of two 1-D Sommerfeld integrals Li Se\ ¢
[10]. Similarly, G3. (=, #’) can be treated by using the same d

1-D Sommerfeld integrals.

o
=
x ¥

0'—» L| F—
L]:Lw:4 mm
L=2L,+3L.

¥

C. Radiation Pattern

Based on the current distribution solved, the far-zone ra-
diation fields are obtained by using the stationary phase
integration approach [10], [16]. Without going into detail, we
express the far-zone electric field generated by the vertical
probe and printed antenna in the spherical coordinate system Coaxial
(R, 6, ) (see Fig. 1) as line

—jkoR (b)

Fig. 2. Configurations of (a) a printed linear antenna and (b) a printed
meander antenna.

Ey(0, ¢) = — j30ko

- [Se(8, @) Po(0) + Vo (8)Qs(8)] (48)
e JkoR lll. NUMERICAL EXAMPLES

Ey(6, ¢) = — j30ko [Se(6, $)Pu(6)]  (49)

A. Linear and Meander Antennas

where T To examine the accuracy of the computer program de-
Se(6, ¢) = / [cos 6 cos ¢z’ (£) + cos 6 sin ¢y (£)] veloped by using the previous formulat.lon, a straight linear
h antenna and a meander antenna are first analyzed. The two
- Is(t)e?*o®®) gy (50) antennas (shown in Fig. 2) have the same printed wire length
T L, = 20 mm and the same wire radius = 0.1 mm. Both
Se(8, @) = / [~ sin ¢z’ (t) + cos ¢y’ (t)] are printed on a grounded dielectric substrate with a thickness
b ko (1) of h = 6.35 mm and a dielectric constant ef = 2.45. The
s (t])ej P dt (51) printed antennas are excited by a vertical probe from a coaxial
Vo) = _/0 sin 0 cos(koy2) Ly (2) dz (52) Hgvxlrlér;;ggs\r/eall;d outer radii of, = 0.635 andb = 2.065
2 sin(koyh) The input impedance computed for the linear and me-
Fo(8) “cos sin(kovh) — 57y cos(korh) ander antennas is shown in Fig. 3 with the experimental
0 g 07 data. We can see good agreement between the computed and
[y cos(koyh) + j cos 8 sin(kgvh)] .
. — (53) experimental results.
er cos(koyh) cos 6+ jy sin(kovh) The current distributions at a frequency of 3.0 GHz are de-
Py(8) = .2 cos 6 Sm(lfo'yh) (54) Ppicted in Fig. 4, where the arm length is normalized to the total
cos ¢ sin(koyh) — jv cos(kovh) wire lengthL = L, +h. Fig. 5 presents a comparison between
Qu(6) = 2 cos ¢ the computed and measured results for the radiation patterns at
e, cos(koyh) cos 8 + jv sin(kovh) 3.0 GHz. We observe that the measured and computed results
. eikah cos 8 (55) arein agreement, but the discrepancy between the results near
) 6 = +90° is large. This is due to the stationary phase method
with used in the development of the formula for the radiation fields,

O(t) =x(t) sin 8 cos ¢+ y(t) sin 6 sin ¢+ h cos § (56) Which is not valid wherg = +90°.

v =1\/e, —sin® 6. (57) B. Circular Open Loop

Note that the integrals in (50)—(52) can be evaluated directlyA circular closed-loop antenna excited by a center-fed
by using a numerical integration scheme. source radiates a linearly polarized wave [6]. A recent study
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2000 T T T T 15 T T T -75
o R, c X, —1I, -
Experimental{
AR ~AX, 10 + |I] -— Phase
= o R in =
g 15OO'Computed{ " fé
= T Rin = 5[ -80 ¢
o] e \ =
~— P—‘ﬂ \.\‘ g
£ o +“ Y 2
» 1000t T =
+ o N o
s N, (¢}
o Li g %
I inear Fa / 2 .5k S -85 g
g A4 = AN S, »
N 500t i 4 = N B @
o XA e SENN NG e he
= (VG g Ve -10 e T
< R ,l "ﬁ( . o - 'b'Y‘ _________
I e A B A .
o OR=Zye= / -15 -90
g 4 R 0.0 02 0.4 0.6 1.0
g & G Normalized arm length
a, i 97
»E -500 ?p r:;"l @
v/ 80 1 , -78
-1000 — et :
2.5 3.0 3.5 . —~
Frequency (GHz) é 40 79
]
~ =3
Fig. 3. Input impedance of linear and meander antennas versus frequency= o
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has shown that a loop with a small gap in free-space can. ®Q
radiate a circularly polarized wave [17]. o b
. . . . 3~ w
Let us consider a printed circular loop antenna with a gags -40 -81~
of ¢, = 15°, which is excited by a vertical probe, as shown
in Fig. 6. The computed frequency responses of the input
impedance and axial ratio along thez axis are shown in -80 -82
Fig. 7. The frequency bandwidth where the axial ratio is less 0.0 0.2 Ol'f‘ 0'61 ho‘s 1o
than 3 dB is approximately 10%. We also observe that over Normalized arm lengt
this frequency bandwidth the antenna shows a desirable input (b)

impedance characteristic. The axial ratio and input impedarme 4. Current distributions at 3 GHz along (a) a linear antenna and (b) a
at a design frequency of, are found to be about 0.15 dBmeander antenna.

and 65 — 720) €2, respectively. The current distribution &

is presented in Fig. 8. Note that the arm length is normaliz&dly. 11, where the arm length is measured from pairtb

to a total arm length (including the vertical probe length) ahe arm endS.. It is observed that the antenna has an axial
1.0231X9. The smooth decay of current amplitude along theatio of less than 3 dB over a wide range of arm lengths
arm shows that an open loop can operate as a traveling wéfrem L; = 3.3)\g to Lo = 4.9)) while the gain and
antenna with minimal reflections from the arm end. Fig. Biput impedance remain relatively constant. This implies that
shows a circular polarization radiation patternfatin which the spiral antenna has a wide bandwidth performance. The
FEr and Ep denote the right-hand and left-hand circularlxurrent distribution for an arm length @f,,, = 4.13), which
polarized wave components, respectively. corresponds to a minimal axial ratio of 0.53 dB, is shown in
Fig. 12. The radiation pattern fak,, = 4.13Xq is presented

in Fig. 13, which confirms that the beam is tilted.

It has been shown that a monofilar spiral antenna in free-
space [18] can radiate a tilted circularly polarized beam. IV. CONCLUSIONS
This antenna is applied to land-based mobile communicationA general numerical technique based on an integral equation
systems. Using the previous formulation, we consider tlier antenna current is developed for analysis of an arbitrar-
radiation properties of a printed Archimedian spiral antenrilg shaped probe-excited single-arm printed wire antenna. A
defined by the functiom = A¢ (A is the spiral constant andunified current integral equation is formulated in conjunction
¢ is the winding angle starting &t;). The configuration and with the dyadic Green’s functions and reciprocity theorem.
pertinent parameters of the antenna are depicted in Fig. 10The current distribution along the printed wire and feed probe
It is found that the maximum radiation occurs in a directiois determined by using the parametric moment method, which
of (8, ) = (33°, 335°). The calculated axial ratio and gainresults in an exact representation of printed wire configurations
in the maximum radiation direction, as well as the inpdnd a more efficient computational formulation. The far-
impedance are shown as a function of the arm length zone electric field from the printed wire and feed probe is

C. Archimedian Spiral
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Fig. 5. Radiation patterns at 3 GHz of (a) a linear antenna and (b) a meandgr 0

antenna.

also presented. Good agreement between the computed and ‘ A
experimental results of the input impedance and radiation V/ #

patterns for linear and meander antennas is obtained, verifying™'% 02 o.‘4 06
the validity of the formulation. To show the applicability of

this technique to printed antennas with vertical probe feed,
we also investigate a circular open Ioop and an Archimedi&iy. 8. Current distribution along a printed circular open-loop antenifa.at
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Fig. 6. Geometry and parameters of a printed circular open-loop antenna

excited by a vertical probe.
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Fig. 12. Current distribution along a printed Archimedian spiral antenna with

an arm length ofL,, = 4.13X\¢.

arc length coordinate at the point af + A7’ should be
s'+As’, whereAs' is the arc length betweerf andr’+A7r’.
Therefore, the distance between the two pointsrofand

7'+ A7’ becomes = p(s, s’ + As').

From Fig. 14, we can directly obtain that

spiral. It is found that both can serve as radiation elements gfie that (58) holds true even for an obtuse anble

circular polarization.

APPENDIX
PROOF OFcos & = —(9p/ds")

In a coordinate system measured with the arc length along
the wire, the distance between an observation point)and a
source pointt’) is expressed gs= p(s, s'), wheres(7) and
s'(r’) denote the arc length coordinates, as shown in Fig. 14.

Let the source point change a little froni to 7/ + A7/,
where A7’ is an increment of the position vector'. The
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N ' As
cos @ — p(s; ') P(&Ai/—k s') cos a (58)
Since lima,y—o® = @, limaa = 0, and
lima,v g A7 = As’, we have
cos ® = lim cos @
Ar 50
. p(s, s')— p(s, ' + As’) cos a
= lim
Ar'—0 Ar!
) p(s, s’ + As') — p(s, s’
= - i, BEEETEEES 6)
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o
Fig. 14. Proof ofcos & =

—0p/0s'.

which is just the definition of the partial derivative ep(s, s’)
with respect tos'.
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Fig. 13. Radiation patterns of a printed Archimedian spiral antenna with an
arm length ofL,,, = 4.13)\¢. (a) Radiation pattern as a function of azimuth

angle (6 = 6,, = 33°). (b) Radiation pattern in the = ¢, = 335°
plane (ther;— plane in the inset). (c) Radiation pattern in the-z; plane
(the shaded plane in the inset).
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