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A Consideration of the Thin Planar Antenna

with Wire-Grid Model

SUMMARY A theoretical and experimental study of a thin
card-sized antenna is presented. The method of moment with a
wire-grid model is used to analyze this antenna. In order to val-
idate numerical efficiency, measurements using Wheeler method
are preformed on this antenna and its wire-grid models. The ex-
perimental and theoretical results are in good agreement if the
wire conductivity is well chosen. And the noise reduction of
measured Wheeler efficiency using least mean square method is
also examined.
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1. Introduction

Recently a small and thin antenna for the portable re-
ceiver is required as the personal wireless communica-
tion becomes more popular. However, such a antenna
does not have good electrical characteristics. Especially,
‘a card-sized antenna for the paging receiver has large
mismatch loss and very small radiation efficiency be-
cause of the electrically small height of the antenna.

To analyze the electrical characteristics of this card-
sized antenna and develop an advanced antenna which
has better radiation and reflection efficiencies, it is de-
sired to use a simple numerical method which leads ac-
curate results and a technique to rapidly measure the
radiation efficiency. In this paper, we replace plate parts
of the antenna with corresponding wire-grid models[1]
and apply the method of moment for the thin-wire struc-
ture proposed by Richmond[2] to these models. Al-
though it is difficult to numerically analyze this type
of antenna where electrically short wires attach to the
perimeter of the plate, the accurate results can be ob-
tained by this numerical method if we can approximate
plate parts to suitable wire-grids and we can arrange
expansion/test functions at proper positions.

However, the wire-gird model has a deficiency in
setting the size of the grid and selecting the grid ra-
dius[3]. Physical backbone for the wire-grid modeling
the quasi-electric approximation was reported [4], but
accurate guideline for the grid approximation which
is valid in the near field is still ambiguous. Sato et
al. evaluated the performance of a monopole on rect-
angular body which modeled with wire-grid using the
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method of moment [5], and Morishita et al. analyzed a
microstrip antenna which has a finite ground plane with
wire-grid model [6]. Also, a card-sized antenna was an-
alyzed by using the method of moment with wire-gird
model[3]. In this paper, we will treat the radiation effi-
ciency using numerical method with the wire-grid model
and experimentally verify it by the Wheeler method.

The Wheeler method is known as an easy and
rapid method to measure the radiation efficiency. In
this method, it is only necessary to measure input re-
sistances with and without a shielding cap which can
cover the antenna under test[7],[8]. Its applications to
a matched antenna based on two conductances[9],[10]
or two reflection coefficients[11] were reported. Ida et
al. applied this method to mismatched small loop an-
tennas[12]. In this paper, we measure the radiation effi-
ciency of the card-sized antenna which has very small ra-
diation and reflection efficiencies and we compare mea-
sured results with numerical ones. Then we show that
we can numerically estimate the radiation efficiencies if
the wire conductivity is well chosen.

2. Overview of Analytical Method

We assume that an antenna is modeled with its wire-grid
model. First, we divide the wire structure into V-shaped
dipole elements [3], noting that (n — 1) independent V-
shaped dipoles are set at the point with n branches.
Then, we express the total current distribution J° on
this antenna in known expansion functions J,, corre-
sponding the V-shaped dipoles with unit current density
at the terminals;

N
T =Y "L, )
n=1

where I, is a sampling value of the function J,. From
Eq.(1) and the zero reaction theorem[13], we obtain
the following equations,

N
Y Zppln=Vm for m=1,2,...,N, (2)
n=1

where

T = —// Jn [Em — (A x Hp)Zs|ds, (3)
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vV, = // T, - E'ds, (4)

m

where Z, denotes the surface impedance of the wire and
the urlit vector 7 is directed outward on the wire surface
Sh. (Em, H ,,) are the free-space fields of test-source #m

and E' is an impressed electric field. Z,,, is the mutual
impedance between #m and #n dipoles and determined
by the arrangement of two dipoles. V,, is the voltage at
#m dipole and determined by feeding method.

In this paper, we use a piecewise sinusoidal func-
tion as expansion and test function. Arrangement of ex-
pansion and test dipoles is fixed throughout calculation
of mutual impedances. For example, expansion dipoles
are placed above the grid plane shifting with their ra-
dius[3] and test dipoles are expanded on the original
plane in the case of an antenna shown in Fig. 1.

A detail discussion for the calculation of the mu-
tual impedance between lossless two dipoles is given in
[3]. In the case that the wire has a finite conductiv-
ity, we must take the surface impedance of the wire, Z;,
into account to evaluate an exact mutual impedance. In
Eq.(3), an additional mutual impedance

AZpn = Zs // Jp - (A x Hy,)ds (5)
S NSm

is not zero if shared region between #m and #n dipoles
exists. To evaluate AZ,,,, we require to calculate the
additional mutual impedance between two monopoles
which correspond to respective arms of two V-shaped
dipoles, AZ;; (refer to #i and #j in Fig.2), since
the mutual impedance between two dipoles is evalu-
ated as the sum of four mutual impedances between
monopoles[3]. After simple mathematical manipula-
tions, we obtain

Zs ZkAZ — gln QkAZ (a)
L 2ra 4ksin kA
AZiy = Zs kA cogllrclAz —Zsin kAz (b) (6)

27a 2k sin? kAz

where #i, #j monopoles are parallel for (a), anti-
parallel for (b), as shown in Fig.2, a denotes the wire
radius, k = w,/ue and Az = 21 — 2.
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Fig. 2 A local coordinate system for calculating loss term of
the additional mutual impedance between monopole #: and #j.

To estimate the radiation efficiency, we need radi-
ated power from the antenna. In general, the radiated
electric field is given as

e~ jkr

E = —jup——(0Do + $Dy) M

T

where é, d; are the unit vectors in the 8, ¢ directions,
Dy, Dy are the 6-, - components of the vector current
moment defined as[13]

D= / / / T#)e ™ d’ (8)

The antenna current is expanded with N dipoles as
Eq.(1), D can be expressed as follows:

N
(0D + ¢Dy) = I(0Dgy + $Dyy) )
n=1
where
De'”' = D(—;-n + D9_n
—_ nt -
D¢" - D¢m + D¢m

Dgy, Dgr are the 6, ¢ components of the vector current
moment which is produced by the unit dipole #n, and
D;tn, Df;n are corresponding to two monopoles of the
dipole #n. For example, an 5 directed monopole which
has the surface current distribution
7+ _ § sink(As—s)

" 2ra  sinkAs
as shown in Fig. 3, produces the following vector cur-
rent moment ‘

Df. = (5-0)Jo(kay/T— C?)eiOF
eIkCAs _ coskAs — j¢sinkAs
' (1 —(?)ksinkAs
where Jo(+) is the Bessel function of order 0, # is the unit
vector in the r direction, ( = § -7 and As = s; — so.
D, is obtained by replacing 6 with ¢ in Eq.(10).

(10)

NI | -El ectronic Library Service



Institute of Electronics, Infornmation, and Conmunication Engi neers

1520

y
Fig. 3 A coordinate system for calculating the far-field of a
monopole.

The total radiated power P,,q is given by

kQZ 27 ™ 9 o .
Prad =75 dqb (IDQ’ + |D¢| )sm9d9(11)
(4m)? Jo 0

where Z = \/u/e, and the total input power P;, given
by

N
P =Y VoI (12)

n=1

Since the radiation efficiency 7 is defined as the ratio of
the radiated power given in Eq.(11) to the input power
given in Eq.(12), it can be calculated using the following
relation.

_ Prag
= P,

(13)
3. Wheeler Method

The radiation can be removed little disturbing the near
field, when the radiansphere of \/27 radius is replaced
with corresponding shielding cap, because the stored
energy and the power lost are mainly predominant in
this sphere and the radiated power are related to the
far-field outside the sphere[7]. Then, the input power
of the antenna nearly equals the power lost, P,g,. By
measuring Py, and the input power without a shield,
Py, we obtain the radiation efficiency as follows:

Ploss
5 (14)

n=1
This technique for measuring the efficiency is known as
the Wheeler method and this efficiency is referred as the
Wheeler efficiency. If an antenna can be expressed by
the series RLC circuit, Eq.(14) is reduced to[8]

_ Rloss

R.. (15)

nr =1
where R;,, is the input resistance without the cap and
Ryss 1s the loss resistance which can be measured as the
input resistance with the cap. We should notice that this
value is negative near the parallel-resonant frequency
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because of Rj,ss > R;,. Next, if the antenna can be
modeled by the parallel RLC circuit, Eq.(14) is reduced
to[9]

Gloss
— G (16)

ng =1

where G, and G|, are the input conductances with-
out and with the cap, respectively. In this case, 7, is
negative near the series-resonant frequency because of
Gloss > Gin. Thus, the estimation based on two re-
sistances or two conductances is invalid in parallel or
series resonant, respectively. When an equivalent circuit
model for the antenna is complicated so that we can
not use above series or parallel RLC circuit model, the
Wheeler efficiency is given by[11]

1- |Floss|2 II-—‘lossl2 - frzn|2
=1 = |
g 1= [Tin]? 1= |Tonf? (17

where |I';;,| and [T, are the amplitudes of the reflec-
tion coefficients without and with the cap, respectively.
Equation (17) is not based on loss mechanism of the
antenna, but can be derived from Eq.(14) without ap-
proximation. Moreover, Eq.(15) or (16) is derived from
Eq.(17) under series- or parallel-resonant condition (See
Appendix). This is the reason why we adopt Eq.(17) as
the Wheeler efficiency in the rest of this paper.

The Wheeler method was little applied to mis-
matched antennas with a large mismatch loss (ITin] = 1)
such as the card-sized antenna. Moreover, IT10ss| With
the cap is larger than |T';,| without the cap. Therefore,
the difference between |I';,| and |T'jos,| is very small
and out of the uncertainty range of measurement system
(1.5% uncertainty at |I'| = 1 below 2 GHz for a network
analyzer HP8510B/C and a test set HP8515A which we
used in our measurement) so that it is possible that the
Wheeler efficiency would include errors due to the sys-
tem uncertainty.

4. Numerical and Experimental Results

First, we consider a card-sized antenna composed of
the rectangular copper sheet having [=80mm length
and w=48 mm width and two wires with height A as
shown in Fig.1. These sheet and wires are connected
at two corners of sheet, one point is short-circuited on
the ground and the other point is fed at the ground. A
sample of the wire-grid model divided into 3 parts for
the = direction and 5 parts for the y direction is also
shown in Fig. 1.

Since the height of this antenna is much smaller
than the dimension of the plate and the feeding point
on the ground plane exists in close proximity to the wire
gird, effects due to grid approximation are larger as the
grid is coarser. Table 1 shows the relation between the
parallel-resonant frequency and the grid division num-
ber for the wire-grid model which is divided into m
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Table 1  Parallel-resonant frequency vs. division numbet of
the grid.
| ” n=1 n=2 n=3

m=1 || 572 MHz | 550 MHz | 525 MHz

m=2 || 550 MHz | 547 MHz | 535 MHz

m=3 || 530 MHz | 542 MHz | 540 MHz

m=4 || 505 MHz | 525 MHz | 533 MHz

m=>5 || 485 MHz | 512 MHz | 525 MHz

f, : 532 MHz (Experiment)

parts for the y direction and n parts for the z direc-
tion. The wire radius of both grid and wire parts is
0.6mm. In the case of n=1, the electric current in the
y direction cannot express with the wire-gird model so
that the parallel-resonant frequency is not converged to
532 MHz which is that of an original antenna model,
as m is large number. For n=2, a similar tendency is
observed. In the case of fixed m, the parallel-resonant
frequency is smaller for m<2 and larger for m23, as n
is larger. When the geometry of the unit grid is close
to square, the parallel-resonant frequency approaches to
532 MHz. We can also see that a proper grid approxi-
mation is required to express the electric current inside
the plate as well as on the perimeter of the plate [5],[ 14].

Next, we examine the radiation efficiency of this
antenna using both numerical method in Sect.2 and
Wheeler method in Sect. 3. The numerical efficiency is
obtained by replacing the antenna with the wire-grid
model and incorporating loss term given in Eq.(6) with
the mutual impedance given in Eq.(3). In measuring
the Wheeler efficiency, we should take care of

1. keeping constant temperature in the laboratory not
to change calibration data until whole measure-
ments are finished,

2. keeping the same cable curvature when calibra-
tion data and reflection coefficients of the antenna
with/without a shielding cap are measured,

3. keeping electrical contact between the edge of the
cap and the ground plane using steel wool or con-
ductive tape, '

4. placing the antenna under test in the center of the
cap.

In addition to above remarks, we should start to
measure after two hours’ warming-up of the synthesized
sweep oscillator (HP8340B). It was reported that the
Wheeler efficiency is not critical for the conductivity and
the shape of the shielding cap, but should be measured
below the resonant frequency of the cap which forms
an electric wall cavity with the ground plane. In this
paper, we use a rectangular cap or a pseudo-hemisphere
cap (mixing bowl) as the shielding cap, as shown in
Fig.4 and Table 2.

Figure 5 (a) shows the Wheeler efficiency of the an-
tenna shown in Fig.1 with h=2mm versus frequency
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Fig. 4 Shape of the shielding cap.

Table 2
in Fig. 4.

Types and dimensions of used shielding caps as shown

[ Rectangular Cap “ Pseudo-Hemisphere Cap I

|Type” a[mm] | b[mm]|c[mm] thpe|l2r[mm]| d[mm] |
A 140 140 75 C 210 80
B 160 160 75 D 240 90

using an aluminum rectangular cap (type-B). The mea-
sured curves in this figure are not smooth because
of the uncertainty of the measurement system. Good
agreement between copper sheet and wire-grid model is
observed below 0.6 GHz so that we can estimate the
Wheeler efficiency using the wire-grid model. Simi-
lar results are obtained by using any other cap which
is listed in Table 2. For example, Fig.5(b) shows
the result with a pseudo-hemisphere cap (mixing bowl,
type-D). This fact makes us warrant that we can es-
timate the radiation efficiency by the method of mo-
ment with the wire-grid model if the wire conductiv-
ity is correctly chosen. Figures 5(a),(b) show also
two numerical efficiencies with the wire conductivity
ooy = 5.8x107, 5.0x 108 S/m. The numerical efficiency
with ocy = 5.8 X 107 S/m is larger than the measured
one because the conductivity of the wire which we used
is smaller than the value given in the authorized table
due to roughness of the wire surface and soldering loss.
In practice, the numerical curve for ocy = 5.0 % 108 S/m
is agreed with the measured one.

Figures 6 (a)—(d) show Wheeler efficiencies of this
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Fig. 5  Calculated and measured efficiency for the antenna shown in Fig. 1 [k = 2mm],
(a) with a type-B cap, (b) with a type-D cap.
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Fig. 6  Calculated, measured and smoothed efficiency for the antenna shown in Fig. 1
[h=2, 6, 10, 15mm], (a) with a type-A cap, (b) with a type-B cap, (c) with a type-C cap,
(d) with a type-D cap.
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Fig. 7 A matched card-sized antenna
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Fig. 8 Impedance vs. frequency for the antenna shown in
Fig.7.

antenna with h=2, 6, 10, 15mm using four caps as
shown in Table 2. We can observe that the radiation
efficiency is larger as the antenna height h is larger
and the frequency is higher. In these figure, calculated
data using 3x5 wire-grid model with the conductivity
0cu=5.0x10% S/m and the gird radius a,=0.6 mm are
also plotted. These numerical results are agreed with
experimental ones for each h and cap, so that this fact
ensures the validity of our numerical efficiency estima-
tion and we suppose that the conductivity of the wire
and the copper sheet which is used in our experiment is
5.0%x10° S/m. This supposition may be dependent on

1. the resistance due to soldering[12],

2. the precision in handiwork of the antenna, espe-
cially its height, h,

3. the time-variation of the calibration data (We cal-
ibrate the system every 20—30 minutes.),

but we assume o, = 5.0 X 106 S/m (constant) through-
out this paper. And from Figs.6(a)—(d), we also see
that the Wheeler efficiency is not affected by the shape
and the dimension of the cap.

The card-sized antenna shown in Fig.1 is not
matched to the feeding line so that the Wheeler method

EFFICIENCY [%]

EFFICIENCY [%]

and Conmuni cati on Engi neers
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Fig. 9 Calculated and measured efficiency for the antenna
shown in Fig.7, (a) with a type-B cap, (b) with a type-D cap.

0.6 0.7

is suitable for measuring its efficiency, because this
method is not required to insert a matching section (for
example, L-section network with two capacitors[3]) or
modify the feeding part of the antenna for matching. In
general, matching is not achieved over wide band-width
so that it is difficult to measure the efficiency using any
other method which is required self-matching of the an-
tenna. However, the Wheeler method is available as
long as the antenna can be covered by a conducting
cap.

Now, we consider a self-matched card-sized an-
tenna based on the principal of I'-junction[15]. As
shown in Fig.7, this antenna has the same plate part
of the antenna as shown in Fig. 1, but the feeding part
is more complicated. Figure 8 shows measured input
impedances of this antenna, 3 x 5(coarse) and 6x 10(fine)
wire-grid models as shown in Fig. 7. These results agree
with each other so that we can approximate this an-
tenna to these wire-grid model. Figure 9(a) shows
the Wheeler efficiencies of this antenna and two wire-
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grid models using a rectangular cap (type-B) and the
calculated efficiency using 3x5 wire-grid model with
ocy = 5.0 x 10S/m. Measured results using a mix-
ing bowl made of stainless steel (type-D) as a shield-
ing cap are shown in Fig.9(b). From these figures,
calculated efficiency is agreed with experimental data
without regard for the shape of the shielding cap. Mea-
sured curves for the bowl cap have more spurious noise
than the rectangular cap because the electrical contact
between ground plane and edge of the cap would be
worse than the rectangular cap. Around the matching
frequency (495 MHz), a dimple of the Wheeler efficiency
is observed. In the Wheeler method, we assume that the
reactive energy is not changed by the existence of the
shielding cap. However, in the case of the well-matched
antenna, the variation of the reactive energy which cor-
responds on the input impedance or admittance is large
near series- or parallel-resonant frequency. Moreover,
the series- or parallel-resonant frequency with a cap is
not the same without a cap[16]. Therefore, the dimple
of the Wheeler efficiency is remarkably observed near
the resonant frequency.

By the way, the noise on the measured curve can
be reduced by narrowing the IF bandwidth[12], but
in our system (HP8510B/C) the IF bandwidth is fixed
at 10kHz so that we can not narrow this bandwidth.
So, we consider the noise reduction with the least mean
square polynomial fitting technique (LMSPF) which is
useful to reduce the Gaussian noise on the measured
curve. This noise is caused by the uncertainty of the
measured reflection coefficient and is generally random
for the frequency. Therefore, the noise would be re-
duced by smoothing two amplitudes of the reflection
coefficients |I';,| and |T'},ss| by the LMSPF as function
of the frequency, f. That is, we approximate measured
data |I'|? to a polynomial function

I = a0 + a1 f +azf? + - + anf™,

where a;, ¢ = 1,2, - - -, n are constants determined by the
LMSPF algorithm, and n is order of the polynomial
which is determined to trace two measured |I'|? curve
smoothly. Figures 6 (a)—(d) also show the smoothed
results of n =21 for the Wheeler efficiency of the antenna
shown in Fig. I, which are generated from 461 point
data (170MHz-730MHz). As seen from these figures,
we can see that this smoothing technique is effective for
the noise reduction of the measured efficiency, that is,
we can pick up the Wheeler efficiency with a reasonable
accuracy from noisy data by using the LMSPF.

5. Conclusion

This paper has presented a numerical analysis for the
radiation efficiency of a card-sized antenna using the
method of moment and the wire-grid model with re-
sults which agreed well measured data by the Wheeler
method if the wire conductivity is properly given. In
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this work, the Wheeler efficiency was estimated by two
measured reflection coefficients. This estimation do not
fail at parallel- or series-resonant frequency where esti-
mation using two resistances or two conductances leads
negative efficiency respectively. However there is one
drawback to the Wheeler method in that the dimple
of the efficiency appears near the resonant frequency
where matching is well achieved. And the noise reduc-
tion technique using the least mean square curve fitting
is useful for the accurate estimation of the Wheeler effi-
ciency.
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Appendix A: Derivation of 7., 1y from n

If z;,, is normalized input impedance without the shield-
ing cap and 20,5 is with the cap, Eq.(17) reduces to

1+ Zloss

27’
loss (Al)

Tin

=

where 7555 = Re(zloss) and ry, = Re(Zrm). At the fre-
quency in the series-resonant, Im(2ioss) = Im(2i) = 0,
Tloss K 1 and r;, < 1, then,

R
nxl_’l‘loss:l_ loss=nr (A2)
Tin Rin
On the other hand, at the frequency in the parallel-
resonant, Im(zpss) = Im(zin) = 0, T10ss > 1 and rin >
1, then,
Tin 1— Gloss

’I'] ~ 1 — =
Tloss Gin

=Ty (A-3)

These two expressions (A-2) and (A-3) fail to estimate
the Wheeler efficiency in the opposite resonant, since
ns and 7, are derived under the series- and parallel-
resonant conditions, respectively.
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