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Influence of the ground plane structure
on the radiation pattern of microstrip antennas
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Abstract

Most radiation analyses of microstrip antenna are
based on the assumption of an infinite ground plane.
Actual environments are different, and the ground plane
is necessarily limited. In this paper, we show the
influence of the dimensions and the shape of the support.
Analytical formulations are explicitly given. Many com-
parisons between theory and experimentation are pre-
sented. Next, we apply the previous results to the case
of a circularly polarized antenna, in order to optimize
the ellipticity ratio.

Key words : Printed antenna, Patch antenna, Radiation pattern,
Conducting plane, Wave diffraction, Circular polarization.

INFLUENCE
DE LA STRUCTURE DU PLAN DE MASSE
SUR LE RAYONNEMENT
DES ANTENNES IMPRIMEES

Résumé

La plupart des mérhodes d analyses du rayonne-
ment des antennes supposent que le plan de masse sur
lequel elles reposent est infini. Ces études, purement
théoriques, ne correspondent pas a leur implantation
pratiqgue. On se propose de montrer quelle est
Uinfluence des dimensions et de la forme du sup-
port sur le diagramme de rayonnement. Les formules
analytiques permettant de calculer cette influence sont
explicitement données dans le cas d'un support plan
limité, d’ un support polygonal et cylindrique. Plusieurs

exemples de comparaisons théorie-expérimentation sont
présentés. Enfin, nous montrons comment U effet du sup-
port peut étre exploité dans le cas des antennes a pola-
risation circulaire, afin d optimiser leurs performances.

Mots clés : Antenne imprimée., Antenne plaque, Diagramme rayon-
nement, Plan conducteur, Diffraction onde, Polarisation circulaire.
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INTRODUCTION

For about twenty years, many important progresses
have been made in the study and in the conception of
microstrip antennas. This kind of antenna is known to
have simple but important qualities which are useful in
several applications : reliability, lightness, low cost, ease
of manufacturing. Studies which allow to understand
their main characteristics are made with the help of rigo-
rous methods like integral equations [1], FDTD methods
[2], or with approximated methods in which the antenna

# IRCOM, Equipe Electromagnétisme, Faculté des Sciences, URA au CNRS n® 356, 123, avenue Albert-Thomas, F-87060 Limoges Cedex.
##* THOMSON-CNI, CREAPE, 123, avenue Albert-Thomas, F-87060 Limoges Cedex.

/11

ANN. TELECOMMUN., 48, n® 5-6, 1993



320

is modelized by a cavity (*) or a transmission line. In
all cases, the ground plane on which spreads the patch
is assumed of infinite length — the real surrounding is
always different, and some radiation characteristics varie
in an important manner with the shape and the dimen-
sions of the support on which lies the antenna. Tt seems
necessary then, to dispose of reliable tools able to des-
cribe these phenomena. In this context, the geometrical
theory of diffraction will reveal as a method which gives
accurate results with simple formulations.

Some articles and publications already exist on this
subject [3, 4, 3, 6]. Nevertheless, we bring in the follo-
wing document, some original features :

— we have tried to realise a synthesis, in which
most of the fundamental results already obtained in this
domain are presented,

— we give explicit formulas allowing the computa-
tion of radiation patterns perturbed by the ground plane.
These relations may be applied to other sorts of anten-
nas, if their dimensions are small in comparison with the
dimensions of the support,

— we present many theoretical and experimental
validations,

— we give a further development with the optimiza-
-tion of circularly polarised antennas.

The radiation of a microstrip antenna is mostly cha-
racterized by a cut in two main planes called F plane
and H plane. In these planes, the polarization of the
wave is perfectly known, and two different diffraction
phenomena appear because of two different limit condi-
tions.

In each plane, the study will be made in two dimen-
sions : the formulation is then simplified. Several compa-
risons with experimental results show that this assump-
tion doesn’t remove any accuracy of the results.

I. STUDY OF THE E PLANE DIFFRACTION

I.1. Theoretical analysis.

First, we assume an antenna lying on a finite ground
plane (Fig. 1).

antenna

Zae
Je—r——o—— -
ground plane iy

FiG. 1. — Notation for theoretical study of E plane diffraction.

Notation pour I étude théorique de la diffraction dans le plan E.

(*) PENARD (E.), DANIEL (J. P). Etude d’antennes imprimées par
la méthode de la cavité. Application au couplage. Note technique
NT/LAB/MER 94, CNET Lannion B (1982).
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The radiation is assumed to stem from the point 0. If
this wasn’t the case (for example when the microstrip
antenna is modelized by two slots) we had to consider
as many radiation sources as there are in the model.

L is the distance from the origin 0 to the edge of the
ground plane. This distance must be sufficient to have at
the radiation point, a radiated field which behaves locally
as a plane wave. Many experiences have shown that
correct results are obtained for relatively small values
of L(L = 0.5 X), but it is possible that this limit value
varies with the type of antenna.

We are now looking at the £ plane, and we consider
that in this plane, the radiation pattern of the antenna is
given by a function of 6 : F'(#).

There are three rays which reach a point P located at
an infinite distance (Fig. 2).

R3

3

Q3
ground plane

Fi6. 2. — Incident and diffracted rays going to infinity.

Rayons incidents et diffractés parvenant a I'infini.

— R, is the direct ray : it will be linked to an incident
field E1(6),

— HRy and 3 are two rays which are diffracted by
the edges of the ground plane. They will be respectively
linked to the diffracted fields ﬁg(é‘), E'}g(!?).

We can write the total field in the £ plane in the
form :

(1) FEO)=F10)+ E26) + B3(8).

Each vector has only one component in the direction

L
of Uy, the vector addition (1) is converted in a scalar
addition :

(2)  E6)=[E(0) + F2(6) + Es(6)] Ts,
where we have to determine each component E;(f);
i=1235.

ﬁl(é') is given by the radiation pattern of the antenna
in the F plane, and when the point P is located at a great
distance r of the antenna, we have :
e—jkr o

7 Uy,

where F(#) represents the radiation pattern of the
antenna on an infinite ground plane.

fg(ﬂ) and FE 3(0) are established is an identical
manner, then it suffices to present the resolution of
i
E,(6).

The incident field at the point Q3 has the following
value :

(3) E1(8) = F(8)
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e—ikL
v
Using Sommerfeld solution and the method develop-
ped by Kouyoumjian and Pathak [9] to obtain a uniform
solution in the vicinity of the geometrical optics boun-

daries we obtain the diffracted field in the form :
e—ikL

VL
e—jk(f-—L sin #)

. s
K_ 2kL Rl 8 VG § e
{ o8 2 } V7 — Lsinf

@ B(Q2) =F ()

™

(5) Ba(0)=—F (3)

with
— Lsinf)L T
. T )
(r— Lsinf)+ L 92 2 %
and
(6) K_(z)=Sgn(a)el@ +7/4) / e~ dt.
NP |l

The observation point P is located at a great distance
r compared with L, then we can do the approximation
L/ =L and then :

_plE —jkL(1—sin#)
() Ea6)=—F(3) e
- ] —ikr
K_{V2kLcos(£+f)} 2 -
NG
The other edge diffraction may be studied in an
identical manner by collecting these three partial results,
and we finally obtain the radiated field by the antenna
on a finite ground plane :

(8) B@)= {F(e) -7 (%) {( 0

4 2

K_ {\/ﬁcos (g+§)}+

—jkr
—ikL(14sin8) & m 8 e "
e K_{ 2kLcos(4 2)}}} T

L2. Theory-experimentation comparison.

We have chosen to develop a first experimental study
on a rectangular microstrip antenna whose dimensions
are :

Width =e¢ =15 cm Length =b=3 cm

The height of the dielectric substrat is 1.6 mm, and
the value of the permittivity is about : &, = 4.5 (epoxy
glass).

A simple derivation shows that the resonant frequen-
cies of this cavity are as follows :

1 my 2 niy 2
0 e () () monen
@ & 2w /el a * b Sl

The fundamental mode is excited, then m = 1 and
n = 0, which give a resonant frequency of 4.3 GHz.
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The radiated field is then evaluated with an approxi-
mate method [3]. We find the relation :
1+ cos(ksin fa)

(10) F(§) = e i
which may be rewritten :
(11) F(8) = 1+cos(7r;j119/\/a)»

Such formulations allow the direct application of the
relation (8) in order to obtain the radiated field on a
ground plane of any dimensions. However, these one
must be sufficient for the reasons given in Section I.1.

For e, = 4.5, the radiation pattern obtained on an
infinite ground plane is given in Figure 3.

We notice that this pattern is relatively flat, and then,
it presents at § = 4+ 90° an important radiated field.
Since the diffracted field is proportional to this last one,
we may think that it will disturb the pattern of Figure 3
in a significant manner.

—80'—60—-40-20 0 20 40 60 80 degré

e _l\\e

dB

FiG. 3. — Radiation pattern of a microstrip antenna
on an infinite ground plane.

Diagramme de rayonnement d’une antenne imprimée
sur un plan de masse infini.

‘We have shown on Figure 4, four comparative curves
between theory and experimentation. Conceming the
application of equation (8), we have searched the value
of L which allowed to retrieve the experimental curve
with the best agreement. This value does not correspond
exactly to the real value but often differs from a small
fraction of wavelength (about 0.1 A). We think that this
small discrepancy is due to the following reasons :

— the cavity method is a very simple modelization
which doesn’t take into account the position of the feed
probe or dielectric losses,

— we don’t take into account the dielectric substrat
which all lies on the ground plane,

— the theoretical study is made in two dimensions,
but the physical problem is evidently in three dimen-
sions.

However, the maximum difference between theore-
tical and experimental results is small (about 0.5 dB).
Then we think that our theoretical analysis is correct,
and that it gives a good idea of the fundamental pheno-
mena of diffraction in the E plane.

I.2.1. A study of the radiation in the vicinity of § =
=+ 90°,

The canonical problem of the diffraction of a plane
wave by a half plane shows that the diffracted field
is maximum in the vicinity of the geometrical optic
boundaries : so, it will be at this place that the diffracted
field will modify the radiated field in an important
manner.
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F1G. 4. — Comparison theory (- - - - - )-experimentation (—)
for several values of L.
Comparaison théorie (- - - - - J-expérimentation (—)

pour différentes valeurs de L.

a) Mesure : L = 068 A, grp : L = 0.75 A; b) mesure :
L=11Agm:L =12 X;c)mesure : L = 153 A\, 60 : L
= 1.68 \; d) mesure : 2.25 A, GTD : 2.25 A.

Equation (8) point out that far § = £ 90°, the
diffracted field is equal to half the incident field, and
this property is not dependent on the value of L.

The consequences are important :

— whatever the distance L, all the radiation patterns
concur near the same point at § = 4 90°,

— this point is located at — 3 dB (field) or at — 6 dB
(power) of the level that is obtained on an infinite ground
plane.

This theoretical result is confirmed experimentally
by the Figure 5 on which we have superposed the
theoretical radiation pattern on an infinite ground plane
and several experimental results on limited ground plane.

When the distance L tends to infinity, there is a
convergence of the curves except for § = 90°. A
discontinuity seems to appear at this point. This problem
is linked to the following inconsistency : a limited
ground plane at infinity cannot be, by its definition,
infinite. We shall not go in this philosophical discussion.
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FiG. 5. — Comparison of radiation patterns at & = £ 90°
for several values of L between 0.4 A and 2.25 A

Comparaison des diagrammes de rayonnement d 6 =
pour différentes valeurs de L comprises entre 04 X et 2,25 \.

L2.2. Influence of £, on the radiation of a microstrip
antenna on a limited ground plane.

Let us recall that the radiation pattern in the E plane
of a rectangular microstrip antenna which is excited on
a fundamental mode may be modelized by a relation in
the form :

14 cos(msin(0)//5)

(12) F(0) = 5 -

This expression depends only on &, and we propose
to study the influence of this parameter on the field
which is diffracted by the edges of the support of the
antenna.

At first, we have given in Figure 6 the radiation
patterns obtained on an infinite ground plane for three
values of £, : 1, 2, 4, 5.

FIG. 6. — E plane on an infinite ground plane.
Plan E swr un plan de masse infini.

————— Ep = 48y s srng =2 ——nEe= L

We notice that for § = = 90°, the amplitude of the
field which is nil for £, = 1 increases very abruptly with
gr. Then, we may think that the diffraction phenomena
will be as more important as &, will be great. The
confirmation is given on Figure 7 which shows the three
same antennas radiating on a support such as L = 3 A.

For £, = 1, we note no modification on the radiation
pattern. This result is due to the fact that the diffracted
field is proportional to the incident field in the direction
B = =+ 90° (cf. equation (5)). Then, any antenna whose
radiation pattern has a zero in the F plane at § = + 90°
on an infinite ground plane will have the same radiation
pattern on any limited ground plane.
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0

-80-60-40—-20 0 20 40 60 80 degré
jaie R T 0

N

FiG. 7. — E plane on a finite ground plane
with L =3 A

Plan E sur un plan de masse limité a L = 3 A.

77777 tep=45;-----1gp =2 —— g, = 1.

1.2.3. Application to the monopol radiation.

Some microstrip antennas like ring or disc have the
same radiation pattern as a monopole. E plane and H
plane do not exist any more, and since we have a symetry
of revolution, one cut in any ¢ plane is suffisant.

The main characteristics of this type of radiation are
a zero along the axis (# = 0°) and a maximum at the
horizon (¢ = & 90°). In this case, diffraction problems
will play an important role.

The theoretical formalism remains identical to the
previous one, the only difference being the phase opposi-
tion between the rays R, and R3. A comparison between
theory and experimentation is given on Figure 8.

behind

v

front

- 50 4 T T T T T T v T
0 80 160 240 320

=5

Fic. 8. — Comparison theory (—)-experimentation (- - -)
for the monopole radiation of a ring microstrip antenna
working on the TM21 mode (L = 29 cm).

Comparaison théorie (—)-expérimentation (- - -)
pour le rayonnement unipolaire d'une antenne plaguée en anneau
sur le mode ™21 (L = 29 cm).

I.2.4. Back radiation.

We call back radiation, the radiation which appears
on the opposite side of the antenna.

The antenna doesn’t light up this region. The present
field is only due to the diffraction of the incident field
at § = + 90° by each edge of the ground plane. We can
derive this field with the help of equation (8) in which
we remove the direct radiation of the antenna : F'(6).

511
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This back radiation has an interesting property that
we are going to analyse.

The field emitted by the antenna falls on the edge
upon a grazing incidence. If we refer to the Sommerfeld
solution, the diffracted field has the following expres-
sion :

(13)
—jkr

g g
Uq = —Sgn (cos 5) K_ {1/2kp cos 5} 7 .

For a direction ¢’ = 27 — 8, the diffracted field is
then :

(14 U;=-Sen (COS %) G {‘@COS (%)}

e—jkr

=-Uj.
=

This last equation clearly shows that the diffracted
field in the directions € and (27 — f) are in phase
opposition.

The main interest of this back diffracted field is in
the fact that it allows to retrieve the forward diffracted
field.

On a theoretical point of view, the only knowledge of
the total field in front of the antenna and of the diffracted
field behind the antenna allows to retrieve the radiation
pattern on an infinite ground plane. This problem is in
depth studied in a recent publication [9]. An original
idea of this work has been to adapt this method to the
measure domain.

We shall conclude this study of F plane diffraction
by examining other kinds of support for the antenna,
and more precisely polygonal and cylindrical supports
(Fig. 9).

FIG. 9. — Antenna on polygonal or cylindrical support.

Antenne sur des supports polygonaux ou cylindriques.

L2.5. Polygonal supports.

We need to replace half plane diffraction coefficients
with wedge coefficients. By refering to [10], we can use
equation (27) which is very simple to use : we obtain an
identical formula to equation (8), but we have changed
the argument of the function K .

(15)

() = e:/j;r {F(G)—F (g) e IFLO—sinb) 7 (xy

F (_g) o—dkL(1+sin6) 7 (Xz)}
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with :
V2kL (cos . cos w)
X _ T TL
= 2 . 0w §
— 51N —
n n
— /2
V2kL (cos T = cos M)
X = T T
s 2 07 ’
— sin —
n n
a=(2—n)r.

We can see that when the angle a increase from 0° to
180°, the diffracted field remains constant on the geo-
metrical optics boundaries, whereas it is progressively
decreasing away from these regions (Fig. 10).

— 80 -60 —40 -20 O 20 40 60 80 degré
N 0
0 = p e "A\\._ =X =
PA LAY
Ll T S g
-4 /
1
-84
dB
FiG. 10. — Influence of the wedge angle on the radiation pattern.
Influence de I'angle d'aréte
sur le champ rayonné par une antenne.
—ta=0-——-——:1a=90°;---:a =160 ---.:
=170 =225 A,

These results are obtained with the antenna of sec-
tion 1.2. for a length L = 2.25 ) and for wedge angles
a = 0°, 90°, 160°, 170°.

Between v = 0° and o = 90°, the radiation pattern
varies very slowly.

When « approaches 180°, the diffracted field
becomes more and more weak. We tend to retrieve the
radiation pattern on an infinite ground plane, except in
the vicinity of § = 4 90° where a break of 6 dB neces-
sarily exists.

L1.2.6. Cylindrical support.

In aeronautical applications (airplane, missile, target),
the antenna support is most often cylindrical, and we
have extended this paper to the analyse of the effects
brought by this kind of support.

a) Theoretical analysis.

The antenna is located on a cylinder which radius
is assumed to be at least equal to A, the radiation
wavelength.

We can distinguish two areas (Fig. 11) :
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light area ! -

shadow area

FiG. 11. — Antenna radiation on a cylinder.

Rayonnement d’ une antenne sur un cylindre.

— In the lighted area, there is only one incident ray
which reaches the point P at infinity : it will be linked

to the field ﬁl(é)}.

— In the shadow area, we shall consider the influence
of two creeping rays which are shedded tangentially to
the cylinder in the direction of the point P. They will

be linked to the fields E 5(8) and T 5(6).

The phase origin is located at the geometrical center
of the antenna (point 0) and the numerical computation
of the radiated or diffracted field will be made at a great
distance OP.

We shall use the formalism of the uniform geometri-
cal theory of diffraction established by Pathak [11].

‘We obtain :

(16)  Ei(9) = C’OF(B)Hm(gl)%,

. ikd
) Hm (63,3)8_']“ ‘eﬁ 2

where the parameters of these relations are as follows :

™

(17) Ezs(8) = CoF (3

H,, : Fock function in magnetic polarization,
€' : Fock parameter in the lighted area :

1/3
(18) &= (%) cosf,
¢4 : Fock parameter in the shadow area :
(19) o=+ (F2) s
43 2 a

t : length of the creeping ray on the cylinder.
(20)

R
ts=a (27r — aresin (ﬁ sin@) — arccos (%)) 4

b) Comparison theory-experiment.

The theoretical results have been compared with
experimental results for a rectangular microstrip antenna
on the fundamental mode and for a ring antenna on a
mode with a revolution symetry (Fig. 12 and 13).
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