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Analysis on Small Planar Antenna in a Paging System

SUMMARY In this paper, the characteristics of the card-
sized paging antenna composed of plates and wires are estimated
in view of its efficiency. To analyze this type of antennas using
the reaction matching technique for the wire antenna, we approx-
imate the plate parts to the wire grids. In the analysis of the
antenna with a complex configuration, the numerical input
impedance by the usual reaction technique assumed the local
symmetry in calculating one mutual impedance, is sometimes
incorrect. Therefore, we carry out the reaction matching on the
condition that the dipoles are placed at their own positions

throughout calculating the mutual impedances. In modeling the .

plate with a wire-grid, we estimate the loss effect of the plate
parts by introducing the equivalent radius. Furthermore, we
examine the validity of the wire-grid model for the card-sized
antenna. And, we estimate the radiation efficiency as a function
of the gap distance of the plates, and discuss the polarization
matching and the impedance matching of the thin paging
antenna, in view of the total efficiency.

1. Introduction

Antennas for the mobile communication are
required to be small and thin for the reason of the
mobility. It is said that the electrical performance of
such antennas grows worse, as they become smaller and
thinner’”. The typical antenna using in the paging
system has two card-sized conducting plates as shown
in Fig. 1. In this configuration, the gap between the
plate and the ground plane must be very narrow for the
design restriction so that the antenna efficiency would

direction of observation

Ground Plane

Fig. 1 The thin card-sized planar antenna for the paging.
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become very small. Furthermore, owing to the small
size of the antenna, the natural resonant frequency of
this configuration is largely different from the operat-
ing frequency. In spite of such a drawback, this type of
antenna was developed by means of an experimental
approach based on a social demand; however, the
corresponding numerical methods have not been estab-
lished enough to analyze these performances until now.

Newman and Pozar analyzed an antenna of com-
posite wire and plate geometry®. In their method, the
current flowed on antenna is expressed by a thin-wire
mode, a surface patch mode, and an attachment mode,
and it is required to estimate the mutual impedances
between two modes. For this reason, their method is
complex. Therefore, in this paper, we approximate the
plane parts with a wire-grid model®, and we expand
this antenna with piecewise sinusoidal thin-wire mode.
And we apply the method of moments which is based
on the reaction integral equation for this model. The
mutual impedance between two piecewise sinusoidal
thin-wire modes is precisely estimated by Amano
et al.* for two dimensional problems, by Richmond et
al.®? and Tilston et al.® for three dimensional prob-
lems. In this paper, we use their methods to find the
mutual impedance. Sato et al. analyzed the inverted-F
antenna on the rectangular conducting body using the
wire-grid model”. Also, Morishita et al. dealt with the
MSA which has small antenna height, approximating
the ground plane to a corresponding wire-grid
model®. However, the analysis for the small planar
antenna, which the antenna height 4 is extremely small
(h is nearly equal to A/300), has not been reported yet.
Therefore, the analysis of the card-sized paging
antenna in this paper is very meaningful.

Taking the above discussion into consideration,
first, we will explain the numerical method for the wire
antennas used in this paper, and discuss about the
offset between the expansion dipole and the test dipole.
Next, we will examine the validity of modeling the
plate with the corresponding wire grids. Moreover, we
will compute and consider the characteristics of the
planar loop antenna for the card-sized paging, with the
view of the total efficiency of the antenna system.
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2. Analysis Method for Wire Antennas

“Method of moments based on the reaction inte-
gral equation”, proposed by Richmond® is well
known as an unified approach for the antennas con-
structed by the wire components, or plate components
with wire-grid. We will present this formulation
below. Assuming electromagnetic distribution on the
surface of the scatterers and test source inside the
conductor, the following “Rumsey zero reaction theo-
rem”® holds,

g?ﬁs(ls-Et—Ms-Ht)dS

+//f(]f-Ef—-M"-Ht)dV=0, (1)

where (J°, M®) are the electric and magnetic surface-
current densities on the closed surface S of scatterer,
(J¥, M?) are the electric and magnetic source-current
densities, and (E*, H*) are the free-space electric and
magnetic fields of test sources.

Equation (1) is the integral equation for the
scattering problem, and our goal is to determine the
surface-current (J°, M*®) using this equation. To
achieve our purpose, we expand these current densities
in finite series. Hence, there will be a finite number N
of unknown expansion coefficients. Next, we should
obtain N simultaneous linear equations to obtain
these coefficients. Each equation is obtained from Eq.
(1) each time we set up new test source.

We assume that the conductor has a finite conduc-
tivity and satisfies the impedance boundary condition
as follows:

M*®*=ZJ°X 7, (2)

where Zs denotes the surface impedance. The unit
vector 7 is directed outward on S. If M7 vanishes,
Egs. (1) and (2) yield,

—f/S‘Js-[Em—(ﬁXHm) Zs]dSszfJ"-EmdS,
(3)

where (E,, H,) denote the free-space electric and
magnetic fields of test-sources m.

We divide the scatterer into suitable dipoles, and
express it as the superposition of V-shaped dipoles.
Namely, we expand the electric current distribution J°
in known expansion functions Jy:

N
Js= Zl LJ,, (4)
=

where the complex coeflicient I, is a sample value of
function J,. And we use the expansion function Jy
with unit current density at the terminals. From Egs.
(3) and (4), we obtain the simultaneous linear
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expansion dipole

test dipole

Fig.2 Two V-shaped dipoles having arbitrary inclinations and
bending angle.

equations:
N
21 Zuymlh=Vm for m=1,2 3, N, (5)
=

where

Zm,,,:—/:/an-[Em—(ﬁXH,,,)Zs]dS, (6)

VmZ//IJi-Ede=/L Jn E'dS. - (7)

In Eq. (7), the second equality is guaranteed by the
reciprocity theorem and E® denotes the impressed
electric field. The region n extends over a part of the
surface S where the expansion function J, is non-zero,
and the region m includes the interior test function Jp.
In this paper, according to the Galerkin’s method, we
choose the same functions as the expansion functions
J, for the test functions J.. Therefore, it is required to
evaluate the mutual impedance Z,, between these
V-shaped dipoles as shown in Fig. 2.

In this paper, we assume that the antenna has a
finite conductivity. To simplify the discussion, how-
ever, we assume that the antenna consists of a perfect
conductor for the most part in this section. In the last
part of this section, we will explain the treatment of the
lossy antenna, briefly.

Now, we will explain the calculation of the
mutual impedance between the piecewise sinusoidal
dipoles. Since each dipole is composed of two
monopoles, the sum of the fields produced by the two
monopoles gives the field of the dipole. We will
dismantle a certain dipole into the corresponding two
monopoles which have the test surface current distribu-
tion, J,, J», respectively. Except a constant, the surface
current distribution on the test dipole Jn, is given as
follows:

Jn=Jdu+Js, (8)

where J,, J,, are given as follows, introducing the local
cylindrical coordinate (o, @, z) for each monopole,
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Z,  sin k(dza—z)

Jo= 27t sin kAdz, (92)
__Z, sink(dz+tz)
Jo= 27 sin kdz, (9b)

where Z,, Z, denote the unit vectors directed to each
monopole axis, Az, 4z, denote the length of each
monopole, and 7., 7 denote the radii of each
monopole. Therefore, the field of this dipole is given
as follows:

E,=E,+E,, (IOa)

where

jlr—r'|
E,= }a)u[[%- ZVV] f/‘_:ﬂr

for i=a,b, (10b)

where I is a unit dyad which can be represented by a
unit diagonal matrix.

On the other hand, the expansion dipole can be
also taken apart into two monopoles. The expansion
surface current density J, can be given as follows:

Jo=Jd.+Ja. (11)

Ji(r')ds’

Therefore, the mutual impedance can be found using
Egs. (6), (10a), and (11):

Zan= [+ Ends
z_flJc-Eads—flJc-Ede
Hfﬁjd.EadS_/L Ji-EodS. (12)

Thus, it is required to calculate four mutual impedan-
ces between the two monopoles and then superpose
them, in order to evaluate the mutual impedance
between the two dipoles.

Consider the monopole-monopole mutual
impedance between # a and # ¢ (See Fig. 3):

z

Fig.3 The local cylindrical coordinate for the calculation of
the mutual impedance between the monopoles.
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=—/£Jc-EadS. (13)

In the local cylindrical coordinate for the monopole
# a, E, can be given as follows:

Ea:K;Eaﬁ<:0, Z)+2Eaz(.03 Z)a (14)
where
_ 177 z—z . e—ijl
Ea (0, 2) 47rp[ sin kdz R,
_ (z—2z)cos kdz e ** s
sin kAz R, J
e —JkRo ,0 e—JhRo]
15
+Jp RZ + k RO ] ( a)
_nf_ 1 e
Eaz (0, 2) 47[[ sin kdz R,
cos kdz e
sin kdz R
—Jch z— 2 e—ijo
+j(z—2)% % R }
(15b)
and R;=yp*+ (z—z)2 i=0, 1, p=Vyle, dz=n—2,

and g, Z denote the radial and z-directed unit vectors
in this local coordinate®. The integral of Eq. (13),
which must be evaluated strictly on the surface of # ¢,
can be given on the assumption that the cross-sectional
current distribution is uniform:

t1

Zac:_ to Ic(t){(f'ﬁ)Eap(p,Z)
+ (7 2)Es(p, z)}dt, (16)
where
L) =Sl an

and 7 is the unit vector directed to the axis of the
monopoles # ¢c. Note that I (¢) is related to the expan-
sion monopole J;, and I, in Eq. (4) is the current
coefficient of the dipole J, which is the sum of the
monopoles J; and J;. To integrate Eq. (16) numeri-
cally and obtain the mutual impedance Zg, it is
required that p, z, and g in the integrand of Eq. (16)
is explicitly expressed in terms of f. These three
variables are given as follows:

zzﬁﬁ-f, (18a)
o=|0H |, (18b)
6=O0H /o, (18¢c)

where OP=00;+t T and OH =0P—z 7 as shown
in Fig. 3.
The expansion functions are set up as overlapping

tubular piecewise sinusoidal surface currents, and the
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filamentary currents which are parallel to the tubular
surface currents, are used as the test functions. Since
the cross-sectional distribution of the expansion cur-
rents is different from that of the test currents, the
mutual impedance is not always satisfied with the
symmetry or the reciprocity. Therefore, there is a
possibility that the reaction between the tubular expan-
sion monopole # ¢ and the filamentary test monopole
# a is not equal to that between the tubular expansion
monopole # a and the filamentary test monopole # ¢©.
This asymmetry occurs between two monopoles which
have the different arm lengths and no coincident axis.

In this paper, throughout the calculation of the
mutual impedances, the locations of the expansion
dipoles and the test dipoles are fixed. Therefore, the
reciprocity theorem is often not satisfied. However, the
numerical antenna impedance agrees with the experi-
mental impedance, because the reaction theorem holds
physically over the whole antenna. On the other hand,
according to the usual method proposed by Richmond
et al.®»®® the expansion dipole and the test dipole
are set to be satisfied with the local reciprocity for one
mutual impedance calculation. But, using the usual
method, numerical impedance is often largely different
from the experimental one. There are two reasons for
this disagreement. First, the expansion functions do
not present the practical current exactly. Second, the
point charges are generated at the wire junctions for
the discontinuities of the expansion functions. These
discontinuities result from the dipoles tilting each time
the mutual impedance is calculated.

In this paper, we will treat the complex antenna
with many branches such as a wire-grid model. In this
case, we can satisfy the Kirchhoff’'s current law by
setting the V-shaped dipoles as shown in Fig. 4. In
general, at the node with » branches, (n—1) indepen-
dent V-dipoles are required.

If the antenna has a finite conductivity, the mutual
impedance is evaluated according to Eq. (3). In the
case of the good conductor (o> we), the surface
impedance in Eg. ( 3) is given as follows:

& S
—0p Sk

Fig. 4 An example of the dipole placement for the branch
configuration.
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Zo=(1+)),/ 7% (19)
where ¢ is the conductivity of the antenna material. If
the plate is approximated by the wire-grid model, it is
necessary to take into account the loss effect of the
plate (the strip with the width w is equivalent to a wire
with radius w/4Y).

3. Analysis of Card-Sized Planar Antenna

In this section, we examine the performance of a
simple model as shown in Fig. 1, in view of the
efficiency. In this figure, the antenna is placed on the
ground plane so that it is necessary to consider the
image part of this antenna. The efficiency of the
antenna system is given as the product of the radiation
efficiency, the polarization match factor, and the
impedance match factor. Hence, we will discuss the
relation between the radiation efficiency and the
antenna height 4, the method that makes the polariza-
tion of the incoming wave to coincide with the maxi-
mum pattern direction, and the total characteristics of
the system with a simple matching network.

Before dealing with these items, we examine the
validity of the wire-grid modeling. Wire grid modeling
is justified when it is clear to find a proper choice of
the wire diameters and grid size. Despite the fact that
no electric field exists inside or on the conductor, the
evanescent reactive field clings to both side of the grid
which approximates the surface of the conductor.
Thus, it is necessary to perturb the interval of the grid
and the radius of the wire and for its average to equal
the practical current and charge excited on the real
continuous surface. In fact, for the small planar
antenna, the input impedance depends on the grid size
and wire radius choice.

For example, we consider the wire-grid model for
the card-sized paging antenna as shown in Fig. 1. This
antenna is composed of a rectangular sheet copper
having / =80 mm length and w=48 mm width and two
wires with A=2.0 mm height. These sheet and wires
are connected at two corners of sheet, one (Point C) is
shorted and the other (Point B) is fed. A sample of the
wire-grid model for this antenna is shown in Fig. 5.
This model is an approximation model divided into
three parts for the x direction and five parts for the y
direction.

To examine the effect of the wire radius, we calcu-
late the relation between the radius and the input
impedance. Here, the expansion dipoles are placed
above (or beneath) the grid plane shifting with their
radius. This numerical result is shown in Fig. 6. As
seen in Fig. 6, the values of the resistance and reactance
are larger, as the radius grows thicker. In particular,
the reactance is increased to 5-20 Q by 0.2 mm incre-
ment of the radius. Thus, the effect of the wire radius
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w =48mm

[ =80mm

h =9mm Ground Plane

Fig. 5 The wire grid model for thin planar antenna shown in

Fig. 1.
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Fig. 6 The relation between the radius of wire-grid and the
input impedance for the model as shown in Fig. 5.

becomes a serious problem in modeling the antenna
geometry with a wire-grid. Also, the grid size effects
on the resonant frequency. In general, the division
numbers for the x and y directions should be larger in
order to obtain the good results.

Next, we consider the input impedance frequency
performance of the antenna shown in Fig. 1 to examine
the validity of the method described in Sect.2. The
measured input impedance for this antenna is shown in
Fig. 7. The input impedance for the corresponding
wire-grid model with 0.6 mm radius (Fig. 5) are given
in Fig. 8. From Figs. 7 and 8, the resonant frequencies
are 538 MHz for the original model, and 530 MHz for
the wire grid model, thus it may be seen that there is
only about 8 MHz difference of two models. Besides,
it is found that the shapes of these impedance loci are
similar to each other. From these reasons, we can
approximate the characteristics of the planar antenna
shown in Fig. 1 to that of the wire grid model shown
in Fig.5. In the rest of this section, we use the
wire-grid model shown in Fig. 5 to compute the char-
acteristic of the original model shown in Fig. 1.

First, we examine the relation of the height # and
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Fig. 7 Input impedance vs. frequency for the antenna shown in
Fig. 1. In this figure, the solid and dotted lines denote
the real and imaginary parts of the measured impedance
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Fig. 8 Input impedance vs. frequency for the wire gird model
shown in Fig. 5. In this figure, the solid and dotted lines
denote the real and imaginary parts of the measured
impedance respectively, and the marks O, A denote the
real and imaginary parts of the calculated impedance
respectively.
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Fig. 9 The antenna height % vs. the radiation efficiency.

the radiation efficiency at 280 MHz for the antenna
which is fed at B, and shorted at C shown in Fig. 1.
The result is shown in Fig. 9. From this figure, it may
be seen that the radiation efficiency or the receiving
sensitivity are more remarkably improved as 4 grows
larger.

Second, consider the control of the polarization
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plane. Since the antenna shown in Fig. 1 is generally
used with the x-y plane directed vertically, it is neces-
sary to design the antenna pattern as the incoming
wave vertically polarized is received with the best
efficiency. From Fig. 10, in the case of B fed and C
shorted, it is observed that the receiving efficiency is
maximal when the incoming wave is polarized in the
BC direction. Now, consider two cases with x axis

(672

Fig. 10 The pattern observed from +:z direction (B fed, C
shorted) .

0le

Fig. 11 The pattern observed from + z direction (A, B fed with
in-phase excitation, C, D shorted).

0Le

Fig. 12 The pattern observed from + z direction (A, B fed with
anti-phase excitation, C, D shorted).
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directed horizontally and vertically. As seen from Fig.
10, the incoming wave is better received in the former
case than in the latter case. Because the receiver is
required to maintain the good receiving condition at
all times, we should design the pattern to receive in the
latter case.

This problem is resolved by the electrical control
of the polarization plane with A, B fed and C, D
shorted in Fig. 1. If A and B are fed with the same
amplitude and phase, the y directed wave is received
under the best condition as shown in Fig. 11. Also, if
A and B are fed with the same amplitude but with the
opposite phase, the x directed wave is received very
well as shown in Fig. 12. Thus, by shifting the receiv-
ing voltage at A or B to 0° or 180°, the receiver can
operate well whenever it is placed vertically or hori-
zontally to the ground.

Finally, we consider the impedance matching at
the feeding point of the antenna. Since the impedance
of the small antenna is generally low resistive and high
reactive, the efficiency is small so that it is necessary to
match them at the feeding point. As the matching
network, we use the L-section network composed of
two capacitors"® (See Fig. 13).

In the Fig. 14, the efficiencies of the case B fed and

Q

Input Terminal Antenna

Fig. 13 The L section network using two capacitors with the
dielectric loss.

14 ‘
12_}_/,,_,/
& 10:__ Radiation efficiency
I
g 8F
(] t
§ &6F Total efficiency
£
W 4r
2F
obn bl AN, sl

276 278 .280 282 284
Frequency(GHz)
Fig. 14 Efficiency vs. frequency.
The element values of the capacitors used in the L

section network are given as follows: C,=16.48[pF],
C,= 355.61[pF], where tan §=0.0005.
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C shorted are shown. The line near 12% denotes a
radiation efficiency and another line denotes the total
efficiency of the antenna system including the matching
network, assuming the dielectric loss tangent of the
capacitors is equal to 0.0005. At operating frequency
(280 MHz), the total efficiency is equal to about 64% of
the radiation efficiency. The effect of inserting the
matching network in the system is extremely remark-
able, for the total efficiency without the matching
network is nearly equal to zero because of the very
small resistance. In the modern paging system in
Japan, 25 kHz is assigned for a channel, therefore 6
MHz for 240 channels are assigned for this system. In
general, it is impossible to match such a system within
this band using the L section network composed of two
fixed capacitors. To overcome this drawback, it is
required that this band (6 MHz) be divided into three
or six bands (2MHz or 1 MHz) and the matching is
accomplished within each band. As seen in Fig. 14,
the band width of over 1% for the total efficiency is
nearly equal to 1 MHz. Therefore, to maintain more
than 1% efficiency through the band width for the
paging system, we must use six L sectional matching
networks. If it is possible to use the variable capacitors
in the L section network, we can tune them in to each
channel in this system.

4. Conclusion

Our objective in this paper is the theoretical esti-
mation of the performances for the card-sized paging
antenna. To accomplish this, first, we investigate the
moment method which the integral equation for the
wire antenna problem is converted to the matrix equa-
tion for the numerical computation, and we obtain the
current distribution on the antenna by solving this
matrix equation. We obtain the available results for
the complex antenna such as a wire grid model by
placing the dipoles on fixed locations. Also, we esti-
mate the characteristics of the planar loop antenna
used in the paging system by means of the wire grid
modeling. We show that if one corner of the plate is
shorted and the other one is fed, the pattern is directed
to the line that links their two corners. It is confirmed
that when the height of the antenna height is higher,
the efficiency is much better. And we discuss the
electric pattern control by two point feed. Moreover in
view of the total efficiency, we examine the impedance
matching and it has been found that the L section
network composed of two capacitor is applicable to
the antennas becoming widespread in the modern
paging system.
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