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ABSTBAcr

In recent years microstrip patch radiators have been. playing an

increasing role in antenna design. ·The light weight, low profile and
conformability of microstrip antennas make them very attractive for
aircraft, missile and satellite applications.

One of the promising method of feeding energy to the radiating
element that was suggested recently is to couple the feedline
electromagnetically tc the patch radiator. This novel feed mechanism has
the advantages of ·effective coupling, ease of fabrication, reduced spurious
radiation from the feed network and large bandwidth. This method
provides for flexibility in choosing the substrates which best meet the
conflicting requirement of dissimilar substrates for feed network and patch
radiator.

In this thesis, an improved model is proposed for accurate evaluation
of an electromagnetically coupled (EMC) rectangular patch antenna. In the
proposed model, the antenna is viewed as a planar waveguide which is
excited by a magnetic surface current.

The equivalent circuit for the feed line and waveguide transition is
developed. Effects of the stored energy and radiated energy are incorporated
in the equivalent circuit.

.

Numerical results for the input impedance and the return loss of the
EMC patch antenna are obtained from the proposed model and from the two
other existing models. The results were compared with the measured data
(experiments were conducted in the Electrical Engineering laboratory). The

.

proposed model is found to have a better agreement than the existing
models with respect to the return loss and the input impedance of an EMC
microstrip antenna.
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A magnetic vector potential

a length of the patch

b width of the patch

radiation susceptance

e feed inset under the patch

+ -

C ,C incident- and reflected mode field amplitude
coefficients

cos cosine function

d thickness of the lower substrate
.

e exponential operator

Emn mn-th mode amplitude coefficient for electric field

Ezp z-directed primary feed line electric field

-+

E electric field

f

Fmn

frequency

mn-th mode amplitude coefficient for vector electric

potential

-+

F vector electric potential

radiation conductance

h thickness of the upper substrate
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H magnetic field

electric surface current density

k propagation constant

propagation constant in free space

L length of the feed line

In natural logarithm

-+

M magnetic surface current

n turns ratio of ideal transformer

1\

n unit normal over a surface

-+

p Poynting vector

radiation power

stored power in the patch cavity

total power

r distance of the observation point from the origin

radiation resistance

RL return loss

sin sine function

tan tangent function

Vo voltage across the radiation slots

Vop primary feed voltage
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Vs secondary patch voltage

+ -

V,V voltages at x=O and x=c respectively

w width of the feed line

r distance of the observation point from the origin

radiation reactance

input admittance of the antenna

radiation admittance

characteristic impedance of the feed line

Zin input impedance of the antenna
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characteristic impedance of the patch

radiation impedance

x,y;z rectangular coordinate systems .

extended length of the truncated patch

propagation constant

propagation constant of the feed line

a(x) Dirac-Delta function of x

v Delta operator

e permittivity

dielectric constant of the lower substrate

effective dielectric constant of the substrate
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eh dielectric constant of the upper substrate

eo permittivity ofvacuum

Er i'elative dielectric constant of the substrate

10 free space wavelength t

1.1. permeability

r,8,. spherical coordinate system

11 intrinsic wave impedance

'I'm scalar magnetic potential

co angular frequency
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1. INTRODUCTION

1.1 General

In recent years microstrip radiators have been playing an increasing

role in antenna design. The light weight, low.profile and conformability of

microstrip antennas make them very attractive for aircraft, missile, rocket

and satellite applications. The other· usages ofmicrostrip antennas are in

biomedical radiators, Doppler or other portable radars, radio altimeters,

environmental instrumentation, remote sensing, etc. [1].

There are many different varieties of mierostrip antennas [2], but

their common feature is that they basically consist of fnnr part.s:

a) a very thin flat metallic region often called the patch;

b) a dielectric substrate;

e) a ground plane which is usually much larger than the patch; and

d) a feed which supplies the patch element with radio frequency

power.

In its simplest form, a microstrip antenna is composed of a radiating

microstrip patch connected to the feed line and separated from the ground.

plane by a dielectric as shown in figure-1.1.
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Microstrip Radiator

Grouna
Plane

Figure-1.1 A microstrip patch antenna;

As illustrated in figure-1.1, the radiating patch and the feed line are

etched on the upper surface of the dielectric with a ground plane on the

lower surface. The antenna is excited by the feed line. The patch and feed

conductors are normally of copper or gold. The patch element can be of any

shape but the choice is made so that the analysis of the radiation

mechanism is simplified. Typical shapes of the patches are rectangles,

circles and rings. Ideally, the dielectric constant of the substrate should be

low (er - 2.5) so as to enhance the fringe fields which account for the

radiation [1].

The excitation (feeding) of the patch antennas presents both practical

and analytical difficulties. In monolithic microwave integrated circuit

(MMIC), the radiating element and the feed circuitry are fabricated on the



same semiconductor substrate [3,4]. Materials with high dielectric

constants are required for feed 'circuit. The patch elements are etched on

the materials with low dielectric constants for efficient radiation. This

conflicting requirement leads the antenna designer to examine for the

etlicient feed mechanism. There are various types of feed mechanisms for

microstrip patch antennas. The feed mechanisms can be classified into

three broad �tegories [5]:

a) direct contact feeds,

b) electromagnetically coupled or proximity feeds,

c) aperture coupled feeds.

a) Direct Contact feed

Direct contact feeds are the most common form of coupling. A direct

feed is realized by using a microstrip transmission line etched upon the

same dielectric substrate. The line is connected to the patch at its edge. Two

examples of edge connected fed microstrip antennas are shown in figure

1.2(a). Another form of direct contact feed is. the coaxial probe feed shown in .

figure 1.2(b). A coaxial feed is obtained by running the coaxial line to a

suitable point on the ground plane and connecting the inner conductor
. through the substrate to the radiator and the outer conductor is connected

to the ground plane. In both cases, impedance matching is accomplished by

varying the location of the feed-patch connection point.



Feed Line

Edge Feed Inset Feed

(a) Microstrip Line Feeds

(b) Inset Coaxial Feed

Figure-l.2 Direct contact feeds;

A problem with direct contact feeds is that the patch has a high
radiation impedance located at the edge; obtaining a good match to a

practically useable size of transmission line feed may be difficult and

requires an intensive matching network [6]. This can be avoided if the feed

voltage is applied at a point within the resonant field structure of the patch



which is at a lower voltage than that at the edge. An impedance
.l

transformation effect then occurs and good matching to any desired

impedance may gradually be obtained.

b) Electromagnetically coupled or proximity feeds

Electromagnetically coupled or proximity feeds can provide this

impedance transformation effect. Proximity fed patches. are

electromagnetically coupled by being in close proximity to the feed line. The

patch and the feed line can be either on the same surface or vertically

separated! Modificaf.:ion of direct contact feeds provides two examples of

proximity coupled feeds as shown in figure 1.3(a) and 1.3(b). In the case of

direct connection of microstrip feed line if a gap exists between the patch

and the feed, the. patch is coupled electromagnetically to the feed with the

gap spacing con'w-olling the amount of-J!Ower coupled. This type of coupling

is called capacitive coupling [6].

Variation on the ideas may be made by using a multilayer dielectric

with the feed line closer to the ground plane than the radiator, The feed is

coupled to the patch by the fringe fields through the upper substrate as

shown in figure 1.3(b). The substrates may be of different materials or may

be of the same material. This arrangement has the advantage of the

reducing unwanted feed radiation which may be a problem with single

layer substrates. There is .also the possibility of saving space by placing a

part of the feed network underneath the patch radiator provided the

coupling problem can be overcome. Patch bandwidth can also be increased

by using a thicker upper dielectric substrate material and also by adjusting

the feed configuration under the patch [7]. Choice of different dielectric



substrates for the patch elements and the feed lines otTers an added

advantage [8].

FeedUne
Patch Radiator

Ground·Plane

(a) Palanar fe�
.

capacitive gap

Patch Radiator
Upper

Feed Une Substrate

Ground Plane

(b) Double layer EMC' feed

Patch Radiator

Coaxial Une
Inner Conducto

Coaxial Une
Outer Conductor

(c) EMC coaxial probe feed·

Pi e-l.3 Proximity feed configuration
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i

!
.

of coaxial probe modification, the probe feed does not have

the patch in order to couple energy to it, as shown in figure

1.3(c).

coupling provides a method which also allows the use of

tes for the patch and the active circuitry [9,10]. The feed

on the bottom of the lower substrate. The substrates are

separated by: ground plane which has an aperture cut into it to allow

coupling el etically to the patch which is on the upper substrate.

Patch Radiator

e-1.4 An aperture coupled antenna element
;

i
i

The in: ased constructional complexity of the antenna is a problem

for this type �f antenna. Shown in figure-1.4 is an example of an aperture
, .

.

p antenna element.
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Ie layer proximity fed antenna shown in figure-l.3(b) is

called electro. etically coupled (EMC) microstrip patch antenna in the

nomenclature. .

s type of antenna has many advantages over the direct

d the aperture coupled elements. The positive features of

patch antennas are as follows:

radiation due to the discontinuity from the feed network

need by decreasing the height and increasing the dielectric

.constant �f the lower substrate;
I
I

2) patch bandwidth can be increased by using a thicker upper

pedance matching and maximum power transfer are

y varying the feed inset under the patch and by using
.

electric layers with different thicknesses;

e made conformal like other microstrip antennas;

5) higher gain is possible by varying the feed and patch dimension;

6) it is I· Ie in construction since patch antenna and feed network

7) the E C patch antenna arrays are possible to design.

.
'

!
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Patch Radiator

Point

lectromagnetically coupled rectangular microstrip patch

general subs

etry of an EMC rectangular microstrip patch antenna is

1.5. The structure is composed of two-layer substrates. In

s are of different thicknesses and permittivity. The lower

substrate is m de thinner than the upper substrate, so that feed line

will be less disturbed [11]. The upper substrate is made

thicker and s a low dielectric constant for high efficiency and large

bandwidth [1213]. However, both the substrates can be made of same

dielectric mate
.

a1 with the same thickness. The microstrip feed line is

printed on the I wer substrate with the bottom surface as the ground plane.
The microstrip atch is printed on the upper substrate bonded to the feed

structure. The eed line is centered with respect to the patch width, and is'



from the edge of the patch. The feed inset is sometimes

termed 'overla in the literature [14].

-10-

inherent simplicity in construction and better

performance, e EMC microstrip patch antenna has recently, therefore,

gained the a tion of antenna researchers. To obtain a simplified design

formula, it is, erefore, worthwhile to undertake the study of an EMC

The use of different types of substrates with different

embedded planar feed circuitry, gives the designer some

In order' to design a'practical array antenna using electromacnetic

coupling [15], i is essential that the characteristics of a single elemtnt be
!

objectives of this thesis are to investigate theoretically and
experimentally the.electromagnetic coupling of a rectangular micrpstrip

I
element for' the general practical case of disslmilar

,

substrates in a .5 to 4.5 Ghz frequency range. The theoretical and p�ctical
.

culminate in the production of design curves whi� will
i

er to determine the best antenna dimensions for a!given

input impedan e, as well as resonant frequency. In order to accomplish
this, the input impedance over a range of frequencies for.differentl feed-

, I

patch dimensio (patch dimensions with feed inset as a p�eter)imust

be determined.
· i

i
;

· !

I

· !
l
!
;

· ;

.: !
· !

I
·

i



to calculate the input �mpedance of an E¥C microstrip

element different approaches are considkred. In each
. !

approach, a ge eriilized transmission line model (except th, cavity modal

method) is d oped. By using the circuit model, the inpui impedance of
l t

r seen by the feed line is determined. The 4ectromagnetic
i

coupling of the feed line and the patch radiator via dielectl'& substrates is
I

represented by an ideal transformer. Knowing the input imredance of the

patch and the ratio of the transformer, the total inpu� impedance of
;

an EMC micr strip patch antenna can be obtained. Once the input

-11-

such as reso

,

e antenna is obtained, different eharacteri�c parameters
I

!
resonant frequency, return loss, and

i

!
.

i
i
I

impedance of

i

The the ry which follows all�ws one to d.e�emii�e the patch

dimensions an feed inset tequired to obtain a good match. With this
,

estimate it is en possible to design experimental samples.IThe measured
1

to verify the theoretical developments. Proposed analytical

method unde en in this thesis is simpler than the avaliab� method.

c objectives for the present research work arr. as follows:
r
;

of the characteristicsj of the' EMC

2) Devel pment of an appropriate analytical techniq.e that can be
I

used to predict the performances of an EMC mi4rostrip patch
,
,



3),Vali
.

cation and comparison of different approa�es undertaken
'

'esis with respect to the performance ofdiffenint rectangular
!

, ,

-12-

,

the same feed network.

4) Devel pment of design procedures for the EMC �crostrip patch
J

. f
tructure under consideration.

pter different feed mechanisms of the miJcrostrip patch
!

antennas, and the geometry of an EMC mi(7ostrip patc4 antenna are
,

!

esis objectives have been outlined.presented. The

,

,

erent methods used for the analysis of an ENC microstrip
1

i

patch an:te� are : (1) Transmission line model, (2) Modaf expansion or

,

ysis, and (3) Planar waveguide model. i

!

r-2 characteristics of an EMC microstrip patch antenna

mission line model is analyzed. In this model the patch
!

d as a very wide microstrip transmission lin�. Two slots at
,

,

;

line represent the radiation loss. The feed-pateh transition

y an ideal transformer. connected in series :with the line.

the effects of the radiation loss and the feed-pa�h transition a

developed. From the circuit model the inpu� impedance of

'p patch antenna is derived.

mo al expansion or the cavity modal analysis] for, the EMC
!

ante :'e cita 'on is assumed to be a magnetic surface'curreht at the tip of

e eigenfunction associated,with each mode is derived as a
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the antenna dimensions. Tlil! power radiated attd the energy

the cavity are formulated with the derived fiel4s. Due to the

t of the antenna structure only™10 mode is coqaidered in the

deriva .; n The input impedance is derived from the total cO$plex power of

I
,

i

r-4 the planar waveguide model of an E¥C microstrip

nna is proposed. The patch antenna is assU+ed to be an

ong lanar waveguide in both directions. The somke Isassumed
!

.

agn tic surface. current source confined insidle the planar
. .

wave d. Th reciprocity theorem is invoked to determine' the unknown
I

e d ex ited by the source. By using the field solution the equivalent

e is developed. The radiation effect of the �atch antenna
y two radiation impedances terminated at� ends of the

it; The feed-patch transition is represent� by an ideal
I

d related circuitry. The input impedancei of the EMC
I

!
antenna is then readily obtained from the cif'Ut model.

begins with a comparison of the results determined from
;

data and those obtained from the theoretical analyses
.

s thesis. Thus the validity of the theoretical methods has
.

unde

been
i

e comparison is also used to predict th� performance

f the EMC patch antenna in terms of return �oss, resonant

e, the resonant frequency and bandwidth. Finally,
I

curves are produced using the results obtt;ined from th�
�

contains the snmmary and conclusions.

I
!
I
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2. TRANSMISSION LINE MODEL

e preceding chapter the different analytical mejthods used in

were briefly introduced. This chapter presents the! analysis of an
$8Jrnetically coupled (EMC) rectangular microstrip.�atch antenna

;

e transmission line model. The method views the rectangular.

patch antenna as a wide microstrip transmis�n line [2,16]

TEM modes ..The length of the line is equal to th. length of the

e characteristic impedance of such a wide trans¥ssion line is

usually lio and equal to the characteristic impedance of the patch element.

The ra�a .

on takes place due to the sudden discontinuity �f the current.

lines oJ' patCh and hence from the two ends of the patch [�7]. The region .

i .

betweet! e patch edges and the ground plane at the two e*ds of the line
i .

.:

can�e eel as radiating aperture. much like slot antennasl Thus the low
impe

.

.line can be thought of as being loaded at its two en. not by open
. I· ,

circuitsl'b t by high impedance loads. The load impedancaie called the
!" .

radiati(Jn impedance of the aperture. There is also a mutual coupling

betwee�· e slots. To keep mathematics simple, the mutual <1oupling is not
1

.

!

conside : in the analysis.
!

.

. 11te feed line supplies the radio frequency input power, The fringe

electric pe ds at the truncated end of the feed line excites the jatch radiator.
r .

The fe�- atch trarl$ltion is represented by an ideal transformer in the
I:·. i

circuit � del of an EMC patch antenna. The formulation; of the input

imped� of the antenna is derived from the circuit model. The other
I'
i
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i'
f

I.

chara�ri tic parameters such as resonant frequency, bandwidth, input
�

.

resists1ce at resonance, return. loss can be found from the in�ut impedance
[

.

data.

Ii �.

I:
2.2Fomm:

� .

�e geometry. of an EMC microstrip patch ante�· is shown in
I, '. :

figure-��1� The structure consists of two different dielectric s�strate layers

stackedlio
'

over the other. The relative dielectric constants olthe upper and

lower� are eh and ed' and the thicknesses are h and d respectively,
I· .

•

The� ted .microstrip feed line is located at the inte�ce of the two
I. �

dielecttic ubstrate layers. The width of the feed line is w, th� length is L of

which �: is the feed inset under the patch radiator. The length of the· patch
a and the width is b. The feed line is centered witlt.. ;respect to the
. The voltage between the feed line edge and the gtound plane is

voltage between the patch edge and the ground plane is Vos .

.

one is the cause, which excites the patch radiator, called the

d line voltage, and the later one is the effect, i�duced by the

called secondary patch voltage as shown in figurp 2.1(b). Since

the p
.

: :. source voltage and the secondary Induced voltage have, in
I •..

general�' erent values, the transition between the feed line f.aIid the patch
Ii

radiatol.·
EMCp� '.'.
the rati� .. t>

.

"

!.

�
,

'

entioned earlier, the 'radiation from the tzateh �adiator takes'
place at •. ends of the microstrip patch much like slot +ntennas. The

1
.

radiatiop,
.

Ii
"

line oftpe
j'
..

I,;! :
.

,i

:'

be viewed as an ideal transformer in the circuit model of the

antenna. The turns ratio of the transformer will be found from

e two voltages.

ect of the patch is incorporated into the equivalent transmission
atch by two load impedances (radiation impedances) at both

� .

. �
,

1
..

!.
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Upper Substrate
b

�I

f
---- Vos

'bp f
Lower Substrate

2.1 (a)' Side-view

'Feed
Une

2.1 (b) Front-viell!

Patch

b

Upper
Substrate

2.1 (c) Top-view

Figure-�.1i ometry of an electromagnetically coupled micro,trip antenna
i

'

, i
,

,

i·
ends of

.'

line. The real part of the impedance is, called; the radiation

r input resistance of the antenna, that. represems the real
i . ,.
� . .

power 19S$ y radiatioI;l from the slots, and thus related to th., radiated far-
! ;

fields. �,: imaginary part of the impedance is called �e radiation
� .

. :

reactance p the antenna. This represents the reactive energy stored in the
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I

i
i

radiatiJig,
,

ts, and is thus related to the 'non-propagating n+ar-fields [18].

d the radiation mechanism of the patch jradiator, the
r
�. .

expressi� for the radiation resistance and the
.

radiation' reactance are

needed. !Ih; e following section the formulation for the radia�on resistance
. �:

. ed by using the electric vector potentialmethod [19] •

.

crostrip radiator element may be treated as a line resonator
(

ib!'A,nQV,erse field variations [1]. The fields in the cavity rary along the
length, rtJ!i is usually a half-wavelength (W2) Iong, and railiation occurs

• i'. I

mainly :frO the fringe electric fields at the open-eircurted ends. The
i ','I

radiato� ..

'

y be represented as two slots spaced a distance a apart as
i·;' !'

shown�... 2.2(a). The slot width is corisidered to be (d+h)i, equal to the
i

.

ckness and its length· is equal to b, the width oft the radiating
patch a. sll wn in fig.2.2(b). Thus the radiating slots, each �s an area of

! . , '.

bx(d+hj.•
!

e electric field on the slot surface is conside�ed to be the'
I : 1

; ,I'

secondafy'! ource of radiation. Each slot radiates the saDie fields as a

magneti�.<li Ie and using the equivalence principle,' the magnetic surface
! i '.

current at: e aperture is given by
-* . :.

.

A A A A Vo A .

M=2ExX n=2E x xy = 2E z=2 d+hz, Izl sbl2I'i . X x

A
where, f'i�
A ! i �

= y. The! fa: r 2 arises due to the positive image ofM over the ground plane,

(2.1)

A

e unit normal on the radiating slots and in the ,resent case n

and ViiS!
OJ . ,

! ..

. .

e effective voltage across the center of the slot which is

. i

.

!
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. ,

� ; ..
'

: :
!
i i
i ,

!

FIg.2.2(a) Fringe electic field at patch edges
I

x

a= 112

Fringe electic field Ex
L I

! �.

Fig�2.2(c) Radtating �Iot geometry (Refer
to left slot �f Fig.2.2(b)

! !

i !

Fig. 2.2(tj) A tch with two radiatiog slots
j . : �

.

. �

!... ;

Figure-4·21 .

crostrip antenna with (a) fringe electric field at: patch edges,.

) two radiating slots, (c) the slot geometry and coof()ina�si .'

j.•
"

; i

!
.

i"

"". !
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;
: !I

i : ;1 ,

11t� �diation field at a distance r from the origin may be calculated

by usin� Je electric vector potential method. An electric v 'r potential
I : � : . l

functi01 'irerated by the source distribution (2.1) is found, y in�grating
over theiso#rce (radiation slot) point and can be written as [20]

;

! ;� .
;

; :1

1 .' il k (d+h)
!

'

:! e-jkor sine
0

2 sin8cos,)
F� === irvob 4u ko(d+h) ,

i
'

!: 2 sin8cost

II!
where, �'Uf the propagation constant in free space and is give

i
' :i

'

i ' ;:

The ira�ation electric field at a distance r from the ori is o�tained
from (2��)� The far field approximation will only give ,-d�rected

I : H
compon� ipf the radiated electric field

i '.:!

kob
sin(Tcos8)
kb '

� cos8

(2.2)

i 21t
byko =-.

i ,AO

I . ;1

!i il '

'

e-jk r sin(ko(�+h) sin8cos,) sin(k2ob cos8 I

E =� 2k V b 0 •

8' (23)
; � 0 0 4u ko(d+h). kob

SID.:. '

i
, H 2 sm8cos, T cos8

I •• '

C�n��dering the substrate thickness (de-h) is very s

L" d+h
fraction�t, wavelength), k02 «1, the pattem expression comes

I ' ;,

: .:i kob: ir' e-jkor sin(T cos8)

E. ;: I sine . i (2.4)
I .' i 0 1tr cos8
! . ;1 :

TJ ditermine the total radiation power from the slot the�agnitude of
the poJti#g vector needs to integrate over a hemisphere 0 large !radius.
Since th� si�t radiates only on one side the total power radiate from�e slot

i ' ii '

is then fb�ed by integrating (2.4) over half the hemisphe on fhe slot

plane [2,1 II :

i·:· !:i
I ; II
i ;

!'.

l· ;j
! • :1

. Ii

. !I
j!
Ii
Ii
ji



..

:.j

where, � Isijthe free space wave impedance and is given by 11 = 201t Q .

.I .. 'I
, S�$1i�ting the value ofE, from (2.4), the expression for Pr can be

I .j
I .. i
I :!

written as :!
I !
i ' ;: 1t" I
j"i' �bI :iv! fsin2(�OS8) . 3Pt = !!27t1l cos2e

sm 8 d8,
I ;j . •

! 'ii 8=0
: .

� !
I "

r ;1
,

ii 2,I voI
.

'j

P.,= r,!--211',!i24OK '

; �'I

,
,

! :' II1· ;

r !
!' I -20-
I ' !
I i
t ,_ :;

r 'i! 1tI2
::1 1ti ' :i
,>:

f IE,12.P�=!I r2 sin8 d8 d"
� : II 11
I' �
" �.

I :1+=0"
o!

or,

where, Ii !i
I

'

i:
: i 1t

I� .,1 Jsin2(�b cos8)tan2esine de.

I' i: 8=0
! : II '

siln� Vo is the voltage drop across the center of the sl
I I!'
I ":'

conduct4n� may be defined as the conductance, placed aero
I ' ;1

the slot�2'], which will dissipate the same power as that
, II

slot, I· :1
! ;!
! !'!
: :! 2P', "

r

Gi-'� ::-2
i,"IV
i ,'i 0
I

, 'I
1,
-:

I,. :!

.;
"

::
"
"
'"

, II
, ;I

:1

(2.5)

(2.6)

(2.7)

, a radiation

Iated by the

(2.8)
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il
.' ::

.

jj
�: !.!

! '·;1
I' . "

where, ! � is the radiation resistance. For b« AO' where, AO is the free

space�v�ength, the integration 11 can be approximated to ve

1 -. ;-! .

:... !:

i : d
})2'

� •.� lKlAo2'
r p

and thelC()iresponding radiation resistance can be written as

i··;! .

2
", 2

.

!. !! V 90A .'
i ,H 0 0

�,� 2Pr =];2
.. forb«AO· .

, "

Frt !� large patch width (b » AO)' Harrington [21] stimates the
: . j.l

radiatio��nductance per unit length (with the approximati kb« 1)
i .:1 1t 1
Gr�'- = 20� ,

! .. il AOl1 1 "'0
!- !I

and thel�tion conductance for large patch ofwidth b can written as
I

. "

i Ii .

'
.

.

I :.:r b
�r :11 120AO

for b» AO·
I .',

:
.

i�

. T�e:lformu1ae for Gr may be replaced with good a'...... l1·....cy by the

fon0wn+r relations, depending on the value ofblA.o [6] :

I :j J?!_ .

G!r =!i 2 for b < 0.35"'0'
i : :190A

.

I .: P. 0

�.�� -�
i .: 'I '1)
I·' I,

b1 . ;jn :i:F--....

f. ::. 120"'0
i :.

T�e:i above radiation conductance formula can be. used as the

equival.n�i conductance at the radiating edges of the reetanau ar patches
! '. Ii

with co,,'erable accuracy.
r . ;i .

!
.

�1
I . ,!
I ,':i
I :1
! , :1

·1 : Ii
i)

-21-

(2.9)

(2.10)

(2.11a)

(2.11b)

for b > 2"-0.. (2.11c)
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Ii

,: !I
. � I

, !!
"

:1
: ;1

l.1
,I

:, d
:. �. ;!

2.2.21bWi�onReactance
! "

:.1.

The� patch is considered to be a thin cavity
� .: ! !

.

.'

walls in: itS; periphery [20}. The tangential magnetic fields are

fictitiou$ tiiagnetic wall. The magnetic walls are taken sligh y away from

the phy�. periphery to account for the stored energy in

-22-

i :.

!

as show;o. in fig.2.3(a). The stored energy is equivalent to a ceptance at

the slo�,�presented by a capacitor, due to the end effect of patch and is
! "

given b1 Bfunmerstad [22]. He gives an approximate extensi
'

length ofM
j

•

,i

I :;

of an o�en:imicrostrip circuit
I ',;:

!'
"

j ;' ii
j :·i
I . ,I

i : :� £eff + 0.3
� = �O.421(d+h)

0.258"I '

"'eft'-! • I w;,
, "

I ','I

!... �
i :i
1 • :!
I "

i ,,:i

where, ,� is the effective permittivity of the two-layer sub trates and is
! ':1 .

i ' :i
given by! [6li

. !:

b
d+ii+0.262
b '

d+h +0.813
(2.12)

�+1 �-1 10(d+h)-1/2
-2- +2(1+ b } (2.13)

£i. is;' the relative dielectric constant of the two layer bstrates and
. :j .

can be�ik,n as [21]

for (d-b) « b. (2.14)
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Fi��.� Patch cavity with exterior region surrounded by '�!O"etic wall
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� : II
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tb� equivalent susceptance which represents the en

the extenied length AI , can be approximated as the input a

open ehd� microstrip line of length AI � shown in fig.2.3(b
! � II

the�ristic impedance (Zo) equal to that of the patch.; .. !!
1 !I

for Zo �f�ipatch ofwidth b over a substrate of thickness (d+h) i
: • Ii
: ,,,

1 : Ii,
! ". II

. j!
"

,

"

: !l
q
'I:
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l �
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For' (he open circuited extended length M , the radiatio susceptance
or wall��tance [20] can be written as

••
" Ii .�

,

J ; r li= J ....z; ' •
: . II 0
: n

where, �,is I !the propagation constant and given by
I ' !i
• :j

.

.; �-�eff=k «:: ; fio
-v r-eff 0 '4 �eff .

! i!
: II '

i . i,

Com� (2.11) and (2.16) the radiation admittance Y of a patch at
� ! j �

its open F� can be written as

Y: I� 1
G ·Br =liZr

=
r
+ J r ,

!I

where, ife rdia�on impedance � of the patch is the recipro ' of (2.18).
i !'II,

"

I ,

�. .. i:l
.

2.3M�;�sionotFeedSource
"

The�� excitation coefficient of the antenna is consid red to be the

fringe el�c field located between the truncated end of the
.

crostrip feed
; i;

;!

line and,� ground plane. Since the distance between the fe
! .!! .

ground pl+e is very small (a small traction of a wavelen
i II -+. .

.

componEtnt!�f E is in the z-direction and coJjlsidered to be

Thus �e �-directed primary electric fieldi Ezp in terms 0

source'vpl�ge Vop can be written as
.

!I
l!
jl
"

(2.15)

(2.16)

(2.17)

(2.18)

), ,the only

orm along z.

the primary
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(2.19)

ii
J •. i {VoP� for ,w/2-b/2 s.ys.wl2+,I}l2"O oS; z S; a, 0 S; x
E t. d
,ZP[

Ii
°

0 otherwise
: I! .

rJ :it�e cavity model of a microstrip antenna, the p tch and the
! :1 :

substra�'. *tructure is considered' to be' a thin resonant ca:
.

ty, a region
;" I,

betwee� � patch metalization and the; ground plane, s ded by the
j • II '

magnetU: _alls around the edge of the patch [8]. Both the '

! Ii
, .,

ground ��e are assumed to be electric walls (the electric co ductors)� The

primary! e1�ctriC field Ezp excites all the interior TE modes n the cavity.
,

.

.II
,

,

I;
This fi�d, ljusmg appropriate boundary conditions, can be e ressed as a

Fourier ��es expansion [21] as fonows
'

i .'11
E� iL�mn cos<"'�) cos(;:�) ,

.
' II• 'I mn

! ; H
'

whereJ l!1b are the mode amplitude, coefficients of z-
.

fields ��e vectors. In order to determine the coeffi ients Emn,

multipI� both sides of (2.20) by cos��) cos(;:�) and in grating over
r � i!

.

the cro•.;:4.ction of the patch yields
r bi:

ill!
'

Ifd+h)
,

,

II fEzp COS(m�) cos(;:�) dz dy
il=o

y+=Oii '

: 'Ii b
i : ri (d-h) ,

=r+ L Lcos2<�) 0082<;':) dz dy.
! ° II y=O
I , Ii

s,b�fitution for the value ofEzp from (2.19) yields
:. i!

(2.20)

(2.21)

! : ii,
:. !!

" II

,

., if
Ii· d

. H .

.
; Ii
.; ! �



:�lonly. The excitation coefficient EOO (to y) for the d minant TEOO
: Ii

mode wo
, 4 be given by
: l!
':. !!'

:i

V,'!i., Ii x wd = Eoo b(d+h), (2.23)
: H
· li
·

::
or, ,

!i
'I W

, Ii = Vop b(d+h) . (2.24)
: Ii
''I

· I;

T e i!secOndary voltage between the patch and the ound plane
,I

,

lMth the dominantmode at the location x=c is give

-26-

bl2+w/2
d

f m7tY n2tz

cos(]) cos(d+h) dzdy
z=O
wl2

a:I.
II

· "

; IIY=,

IIII b
'!:

j(d+h) 2 m7tY 2 nltzj cos <w-)oos (d+h)clzcly.

r-o
'

Si :� the substrate is electrically thin (a small
·

Ii

wavele
, ,: ), the dcminant. mode that excites in it is consider
; 11

w
EOO x (d+h) = VoPb'

or, : j'i
Ii

V 81i w

V pl;= b·,!
, Ii
• !I
; II
� i i
e �tio of the secondary voltage' to the primary vol

·

!I

i�on of the feed source and the patch radiator. The
,

"
: H
;i

" Ii
,

, !I
: Ii

II

ii
Ii

Ii
I:!

the

(2.22)

action' of a

to be TEOO

(2.25)

(2.26)

e represents,
ition win
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. ii

'; iii,

I,
. �: H

.

Ii
, i:
;, II
, I':', !I. il
,

lias an ideal transformer in the circuit model as if the power
"

supplied b.i the feed to the patch is totally radiated. Thus the turns ratio of
" I'

the ide '[t.#ansformer representing the feed-patch transition can be written

"II: !

,,:, !
" '

';'11
'

n ;=H ;.: il
Ii
"
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as

(2.27)

.,' .

, �general approach for obtai1ling the input impedance of a
.

microwa :el! device is to analyze the same from a circuit point ?f view and

develop
';

iiequival�t circuit model [23].;The same is true for a microstrip
: H

" the transmission line model :of the patch element, the patch is
. I:

� microstrip transmission line; with radiation slots at both ends.
, I;

The slo ,:� �quivalent to a load Impedance (admittance) which is called

the ra
. �n impedance (admittance) ot the patch antenna. The radiation

;I

c,1 (admittance) formulafa presented in equation (2.18). The

t!�t model of the patchradiator can therefore be illustrated by

·�ion impedances separated by a transmission line of low
� i

impedan: lias shown in figure-2.4. The characteristic impedance of the line
, ,I "

Ii '

is the s '. I! as the characteristic impedance of the patch element given in

equation '�t15).
e !remaining task is to couple the feed line source with the existing

, J!
circuit o,el of the patch radiator shown in figure-2.4(a). The primary

source i ,:� lateral magnetic surface cw.trent source (precisely speaking a
, ,

I

magneti :�e current source, since the spacing between the feed line and
: � ,

'

ground �e is very small) at x=c. For the lateral magnetic current source, ,



I<cl:'l�
I

I
I

2.4(b) EqUiV�lent circuit of ali EMC patch antenna
!

i

Fi�e-2.4 EquiVal�nt circuit model of an EMC patch antenna
I _

!

, -28-
,j

:1
.j
!

-� a :.1

z'o

2.4{a) Eqjivalent cin:uit of a patch element
�
���__

1:n

i
Zol4-----.

!
,

a-c

� � � A

the transverse electric fi�lds are discontinuous [M = (E 1- E 2) x n] across
,

- -

the source -[24]. The sourke is thus equivalent to a voltage generator at x=c
. .! ;'

- :-; - i

connected?n series vir an ideal transformer with the equivalent

transmissi�n line as shr in figure-2.4(b). The voltage drop of the line

across the source is rep�ented by a secondary voltage Vos. The primary
:

voltage is �he feed.Iine rvoltage Vop [see figure-2.1(c)]. The ratio of the
:! I

voltages is rerived
in th1 preeeding section and is given in equation (2.27).

,
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;1
.. j

1

The ratio· i� the turns ratio (n) of the ideal transformer representing the
'1.

feed-patch�tion.
The Fpedances Z1 and Z2 in the circuit model in figure 2.4(b), are

the input ulnpedances of the transmission line sections of length c and (a-c)
. q
" 1

respectivel� where,
:1
:i

:L � + jZotan(Pc)
Zt =ro Zo +j�tan(Pc)'

"

(2.28)

and,
d
:i

. :1 �. + jZo tanlp(a-c)}
.� ='�o Z + j7. tanlp(a-c)}

.

I 0 -r

:1
'I
,!

Both·ithe line sections are terminated by the radiation impedance Zr .

. !
.

(2.29)

The �put impedance of the equivalent circuit with series voltage
I

source Vos ean be written as

,!

(2.30)
I

and the in�ut impedance seen by the prhnary feed line is obtained dividing

(2.30) by sciuare of turns ratio, n2 as follows
-!

!

!zm_zrn=i 2'fn
i

,I

where,
.

n i. the turns ratio given by (2.27). The input impedance of the
. I .'

electrom�etically coupled microstrip patch antenna at the feed point is
. ! .

obtained bt transforming the input 'impedance given in equation (2.31)

through th. low impedance transmission line (feed line) of length L. The
. ·'1

required exPression for the input impedance of the EMC microstrip patch
:,

antenna � be written as

(2.31)

;j
"

·i
.1
!
.'



·j

:1

an�nna � + j Zrtan(fitL)
Zin '!

= Zr
Zr+ j� tan(PtL)

,

"

where, Zf is the characteristic impedance of the feed line and �f is the

(2.32)

:,
propagatioj) constant of the feed line.

,

,i

2.5Co�on
,

q
The '�ansmission line model is presented to determine the input

'1

impedance i of an electromagnetically coupled mierostrip patch antenna
.

over two-.t substrates. The advantage of this model lies in its simplicity,

that me
'

[ the input impedance is given by the simple formula (2.32). By
·1

using (2.32) a program can be written to give the input impedance for a
I

"

given set 9f design parameters (i.e. patch dimensions, frequency, feed
.;

length andffeed inset). From the input impedance data other performance

characterispes such as resonant frequency, bandwidth, input resistance at

resonant, �d return loss of the antenna can be determined.

. 1

Alth9ugh this model is simple conceptually and computationally, it
i l

'

has some,Ubntations [25]. These are:
!

!·l
.,

(i)� method is useful for rectangular patch only,
,j

(ii) �e method cannot be applied to higher order modes, and
!

"

,

(iii),�e 'mutual coupling between the radiating slots is ignored,

In,� next chapter a more versatile method is presented to analyze

an EMC mierostrip patch antenna.
"

i
I
,i

·11

d
'I
,!
'!

"

.1
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.:1 3.CAvrrYMODALANALYSIS.

3.1�on
..

;i
-J

In • tie preceding chapter an electromagnetically coupled (EMC)

rectangulal- microstrip patch antenna. on two-layered substrates was

analyzed using the transmission line model. However, the method has
':1
J .

some limitations. A more accurate and versatile method should be invoked
d

to analyze �e EMC microstrip patches.

i

In this [chapter the cavity modal analysis is presented for an EMC

microstrip patch. In this method, the microstrip patch is viewed as a thin
.

i

cavity, supjK>rting only the TMz-mode, with magnetic walls at its periphery
! .

and ele�.walls. at the top and at the bottom. The tangential magnetic
i

field fszero along the fictitious magnetic wall. Similarly, the tangential
I

electric field is zero along the electric wall. The electric fields inside the
'I

cavity is ekpressed as a summation of orthogonal eigenfunctions in an
.j
.;

analogous] manner of the modal expansion techniques [26]. Each
i .

.

.

!

eigenfu.neti�n corresponds to a cavity resonant mode and the corresponding
.

.

eigenvalue: is associated with the resonant frequency of .the particular

mode.
i
;

I

The· :feed line source excites the fields inside the patch cavity. The
':1

source can! be a�tributed, through Huygens' principle, to an equivalent
i

magnetic sUrface] current source. The Helmholtz equation with the source

term is sol'1ed to �cuiate the fields in the cavity.
"

i

:i
.i



:1
i
;

3.2CavityjM�ofMicrostripPatch
!!

.
.

, .!

.! :.
.

I : ..

Whe,. an o�cillating current is injected into a microstrip element a
I i

charge disttibutio_p. is established [2] on the surface of the ground plane and
.

on the two .�urfa�s (upper and lower) of the patch as illustrated in figure-
:! 1 .

.

S.l(a). There are two opposing tendencies which shape this charge
. I .

1

distributio". (1) jThere is an attractive tendency between the opposite
··i !

charges at �rresPonding points· on the lower side of the patch and on the

ground ptJe. This attraction tends to k�ep the patch charge con�ntrated
I 0 ,

on the bo�m surface of the patch. (2) However, there is also. a repulsive
i :
'! : ..

tendency ,�twee� like charges on the bottom of the patch. This tends to

push some ibf the :charge around the edge of the patch onto its top surface.
·1 :

When the 4ement is very thin (which is the usual case) the first tendency

dominates �d al$ost all the charge on the patch resides on its bottom side.
.

. i I :
.

CorrespontiFgly, most of the current flows on the lower side of the patch,
'!

:

.

with only a:!smalliamount of current flowing around the edge onto its upper
I
,

surface. S�cifically, the components of the magnetic field' tangential to the
.:i

patch edge'iis smWl although not exactly. zero. Were it precisely zero one
!

.

could introtiuce a perfect magnetic conductor in the plane between the
I

patch and �e ground plane without effecting the fields under the patch.
·1 !

The intrOd�ction: of such a magnetic wall will distort the shape of the
.i

magnetic �ld distribution.This distortion is negligible if the element is
,

.

.

thin. Thus ,ito find the shape of the magnetic field distribution under the
i ;

I ;
.

patch, one .can replace the antenna by an ideal cavity as illustrated in
.! .;

figure-S.l(.,). Of course, from the magnetic field distribution the
i

correspondipg eleetrie field distribution ean also be found.

. ! 1

I
!

I,

!
oj

1
.,

,



Figure 3.1 (a) Charge distribution of the p tch
,
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.! Figure 3.1 (b) Cavity model of a patch
. .

i
I .

Figure-3.l qavity �odel of a typical rectangular mi strip patch antenna



3.3Modal�sionMethod

In tilts method a patch is considered to be a
.

rectangular cavity

resonator. 'fo derive expressions for the fields insi e the resonator, the
:

following �ump1;ions [27] are made:
I
.!

i

i) th+ small thickness of the dielectric
I :

microBtrip conductor and the ground plane s ests that only the z-

com�nent of the electric field E, and the x- an y-components of the

ma�tic fields H [see figure-3.1(b)] exist in the egion bounded by the
I

i :

micrO$trip patch and the ground plane,
!

ii) th. fieldS in' the region do not depend on e z-coordinate for all
.

.

freq�ncies ;of interest,
i : .

iii) tJie ele�c current in the mierostrip con uctor does not have
i '

com�nents normal to the patch edge at any po t on the edge, which
"

impli.s a n�g1igible tangential component ofHong the edge .

.. :
'j

In order to. account for the fringing fields, he magnetic wall is
. .,

placed slightly aw.y from the periphery (see figure-2. ).
::

'
.

,!

;1

3.3.1 '!be te�oItzEquationwith Source
. !

.

;i

The .vity is assumed to be lossless with a pe ect magnetic wall in
:;

.
.

its periphery. The:8Ssumption is equally applicable to a mierestripfeed line

that can be ;ithought of as a small waveguide into the I ge patch cavity (see
� ; .

figure-3.2). ,iI'he feed source in the patch cavity may e modeled" by using
i

.,
!



:!
i

:1
'I
:!

i
:i

:1
'I
:: :

"

;1
.

. . -+ -+

Huygens' p�ciple by a strip of y-directed magnetic v lume current (M = E
1\ . ;,

X n) backed!by a magnetic wall at x=c, between the e e of the feed line and
.,

';

the groundj,jplane. In the ideal case, the feed source be assumed to be a .

:1
.

.

-+
uniform cu;trent ribbon of constant current M. F'

field (Ez) uJncates that the width of the current ribbo is the effective width
,;j ,

,

of the feed ,�e .. Thus it is assumed that :the cavity i excited by a surface

current soU.ke located at x = c as shown in figure-8.2 The above excitation
, ;;

:1
.

-

can be exp�ssed in terms of feed line field
:!

M=t x�lx=c
, 'j

'={ErX-C) � � bf2-wfJ s y sbI2+W/2, 0 Sz sci,

0,1 otherwise .

-:

� !

SxSa
,

. (3.1)

;; . 1\

where, 8 is;;ithe Dirac-delta function of x at x=c and n
.

s the unit normal on
.1'

the magne�c wall between the edge of the feed line d ground plane. The
!

.

uniform z-dn-ected electric field between the spacein of the feed line and

the ground�lane is given by ,

'i

E Jro� for bf2-wl2 s.y s.bI2+wl2, 0 S.Z s.d,O
(3.2)

To otherwise
'i
'I
i

.

-+

M�ell's equations for the magnetic current s urce only (J = 0) are
.l

'

8S follows ,I
:':

-+::t -+
Vx � =j weE,

,
I

';

(8.3)

-+ -:t -+ -+
V x ItJ = - M - j OlJ.I.H •

·1
:;

'j

i
.'

(3.4)'

!

:1
. i
'i
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The _ectric field in terms ofelectric vector pote tial can be written as
'I

� :� �
E :: .. 1 V x F . (3.5)

.;
.

I

,!

(Jpriting a curl on both sides ofequation (3.5) d substituting .for the

same into e9.Wltion (3.4) yields

or,

�-:t ��� � �
V x � = -(V x V x F) = -(M + j COIlH ),

'j
!

(3.6)

.1
, � �

Equating (3.3) and (3.5) yields the expression fo E in terms ofH
.i

��
�.;:� � VxH
-E=VxF =---

, .,

·1 JCO£

and taking tff'the curl from both sides of (3.7) yields

"! �
�:i V H
F. �- Vm-�'

: JOle

I

where, 'I'm �s the scalar magnetic potential.
,·1
:1

(3.7)

(3.8)

From; equation (3.8) the magnetic field can be itten as

:'1

�.: � �
- H 4 jroe (V "'m + F ). (3.9)

Subs�iuting for this expression of it into (3.6)
.

elds
,

��!� 2�V(V � F )- V F (3.10)
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:i
'.I
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,

·i

:1
y:-i Patch Cavity

.,

:1 I
::

z Feed line Cavity

.i
'i
'j

Fi�3.2 Cavity representation of the patch
:.i
,.,
,:

,

, .

. i

the feed line

I



!

.,!
"

I'

,

i

'1
"

l' � ���
,

Let, 421leV 'I'm = V(V.F) [18], which is own as the LOrentz

condition. qsing the condition in equation (3.10) yiel

or,

(3.11)

where, k2=i�21J.e is the propagation constant in the rity. This equation is
!

known as the inhomogeneous Helmholtz equation. wave equation of the

electric velr potential "1 due to the feed source it is the' governing
I '

I
'

equation�t determines the modal fields inside the :vity.
ij

Whe� a microstrip patch is fed by a micros ip transmission line,
i

many

m01:'
waves are produced in general [27]. The ,

• � A

the cavity. ith excitation current M = Eo 8(x-c) y is

eicot is un4erstood) given by equation (3.11). Since has only' y-
.

='
e vector electric potential expressed in ( .11) also has 001

directed co
'

ponent and the expression in (3.11) is si lliied to !

, ,

,
'

2 ' 2
'

V

FYIk Fy = -My.

Exp ssion (3.12) is the required wave equatio of cavity sourc
'I

, cavity mOd�1 eigenfunction will be determined with the wave equation.
!

'



'I

.

3.3.2�E1rpmsi'lIloftheCavityFields ..
The rvity model of a patch antenna co� of two electric walls
'.1' '

separated " a magnetic wall around its periphe (see figur�8.1). The

radiation P:fttern, input impedance and radiated po er can be calculated
1 '

'

based on� traditional approach used for a resonan cavity problems [28].
'I '

Since the ,s�acing between the patch and the ground p ane is very small, the
': -+ ' -+

only component of E is in the z-direction and the mponents' of H are
i

traverse to'i z-direction. The cavity is coupled to th

through a Fow magnetic wall containing an II,&&&,II�

(Ez) at the .nd of the feed line. Because of the resul
.

equivalentmagnetic

current· it JU1S only the y component, a field expansio
'j

will be used. In terms of magnetic and electric ector potentials, the

homogeneouS vector Helmholtz equations are: .

v2t�k2t =0,
2-+;' 2-+

V F 11" k F = - 0, (8.14)

where, k =� , e= 20 eefFand eefF is the eft'ective eli l.ectric constant of the
. ;1

,

.I

substrate gifen in (2.18).
.

: :1
,

'I
'

;
-+ -:tA A

For e TE to ymodes, A = 0 and Ii' = Y F
Y'
whe y is a unit vector in

the y-dire
';

on and F
yz the:gnitude of the el ric vector potential

expreSSed, (8.14). The E and H fields are determin
I
from

E = �vt x"
I

(8.18)

and, 'I

'!

(8.5)



ld2F
�= jqL�'

1 a2 �E____ iIl H__=-.[-+k F
-y

- �, --y JI'.lIl...__1 ,

,

Y'
, 'I -,... CIT

'! aFy 1 d2F
E=� H--�z: ax' z-· �..az·JOlJ.1 V3'

• i, '

I',
The �dal fields in the cavity must satisfYJ wave equation (3.14)

and the foU,wing boundary conditions [29J: I
II

.1"

i
,.

-+ ;. -+' 1 -+-+-+
H

="�JOl£F
+-.

- v( v. F).
,

" JOlIJ.

Solving fa: equations (3.5) and (3.15) yields the field
�F

Ex=fa!,

"

�=� aty=O andy = b,

:sy=r atx =0 and x = a,

aEz :1 aEz
ax C�=O) = ax

(x=a) = 0,

(8.15)

mponents :

(8.16)

(8.17)

(8.18)

(3.19)

(8.20)

(3.21)

A sobktion to the wave equation can be found by hoosin [30]
I
,!
I
I

F
y =:1 ( Ax siny. + Bx cosy) (Aysinkyy + By

I x (Azsinkzz + Bzcoskzz) , (3.23)
!

and,

(3.24)
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The ,;rrumowns in (3.23)' can be found by a plying the. boundary

conditions.'IThe boundary conditions require that thr tangential magnetic
field com�ents must be zero on the side walls (�gnetic walls) and, the
tangential

rc
field components must be zero 0t the top and ,bottom

walls (ele
,

Ie walls). Since the depth ,of the cavity IS very small (a small

fraction :0; a wavelength) the field component, can be Considered

independe�t of � [27].' Considering the z-indePtndency of: the field

componen� in equations (3.16) - (3.18) become I
'j

I
,

1; I
i

,:
"

_ _!_ a2FyBx - jCOfJ. dxdy'

1 a2 2H__=-.' [",__2 + k ] FY'--y JCOfJ. or'
-

(3.25)
,

"I

Ex =:9,
"I

(3.17)

and

(3.,26)

j
!

'I
I
:!

I



i

The :ftgnetic fields inside the cavity must satisfy the boundary

conditionsf (3�19) and (3.20). Applying the boun . conditions into (3.27)
'I .

yields :.j
·1

aty=!O, 1Ix=0 --+ Ay=O;

atY�b, 1Ix=0 � sin£1yb) 0;

kyJ:,\ D = 0,1,2, ..-........... . (3.29)

APPl� the same boundary conditions into (3.�8) yields
. I

atx,o; 1Iy=0 --+ Bx= 0;

atx=a; sin(�a) = 0;
;1

,j m2t

kx -i·' (a)' m � 0,1,2, 3 .... :.......... . (3.80)

Equa1ion (3.23) can now be reduced to I
'I �.1

:i •
m2tX nq .

ma nq
Fy =:Yy am ta)cos(T) = Fmn sm� s(T), (3.31)

!;

where, Fm+ = AxBy are orthogonal mode ampli e coefficients which

must be determined. The dominant mode of the ca ty can be found from
I

equation (3.;�4) as follows

m2t 2 rut 2
(a) +(1» , (3.32a)

and,

(3.32b)

i
. 'I

:



I
For, = 1, n = 0, colO will �,the dominant m e resonant frequency

for a patch�vity of length a - 'AI2.

:1
In 0: r to find the modal expansion of the fiel

, �
to the ma

,

etic current M at the edge of the feed
.

e, an eigenfunction

expansi�n
�
applied to the inside electric field so' t the electric fields

inside the '. vity could be expressed as a Fourier s ·es expansion [21] as

follows: I
,I '

�"f.'
� � � A aFv

E=" Emn = -VX F =-z ---. (3.33)
n ax

, ,
, '

, ,

The �lectric field inside the cavity must sati fy the,wave equation
,',

(3.11) and the cavity wall boundary conditions given equations (3.21) and

(3.22).' An �genfuncition expansion of the electric ector potential Fy in
.;

..

.<

(3.31) can bfi, written as

L
. m1tx n1tY

Fy::=�Fmn sln(a-)cos(T)'
,

.n
,!
!

(3.34)

where, Fm� 'are the mode amplitude coefficients lof the electric vector

potential in�ide the cavity. ,I '

·

:1
Subs�tution' for Fy from equation (3.34) into quation (3.33), the z-

directed el�c field component inside the cavity can e written as

.. ,:

Ez ='ri L,Fmn<':") cos (m: ) C08�).
, mn '

.:
.

Tod�e .the field, components, the factor
;1

SUbstitutionl for Fy from equation (3.34) into equation ( .12) yields

:j
:!

(3.35)
,

;1



:1
:!
,

2

llFm.n[ a 2{sin (":7tX) cos(7)} +
maj ax.

:1

;{t r:x >-<7)} +��)}] .

i

• ,.;1My. (a36)

�tution fur tbnalue ofMy from (3.1) into

(1
..36) yields

�I � 2 . ma D"Y
. �tmn( - kmn) sm (--a)cos(T) I
mn';

.

. I
::

. :;

={. E.ja<x-c) � for b/2-wl2 s y s b/2+w/2, 0 s z ScI, 0 s.x S a

.

0 'I otherwise
-,

(3.37)

where, kmn.� the TMmn modes eigenvalue given in (3.32a).

Mul� both sides of (3.37) by sin�)co�) and integrating. .

over the en� patch cavity 0 S x S a and 0 S Y S b 0 S z S (d+h), (for a

particular $n-mode) yields
:1
; .

a b
'.'

2 (2 (2
( +h)

Fmn<r-�) J.Sin (m,:x. "Lccs (n:)dy�dz

i . I

E· f�t . (m7tX blJ:2+WI2n7ty 4'
i

=- o· JU\X-C) sm a-)dx COS(b)dyz dz,

r=o . s= -wl2

;\ Ior,



'I

:1

I �

!�' d ain(mxc)8in(rutW) C08(.!!)
• a a, 2

Fmn.- - 8 Eo 2' (3.38)
· :1

a(d+h) na( Jr.2. k"m >e", 'n

where,. 'n 4 civet> by

.

. :lr2, Ibr n= 0

2n =:[1, for Il1* 0
·i I

· 'i
.

The�ectriC vector potential is obtained by subttitUting for'(3.38) into

equation (3�) as I'
,

�. d
F = E x
y.: 0 1ta(d+h)

Th� fields inside the patch cavity are then re�dily obtained by using

equation (3��9) into equations (3.35) and (3.17), where

Ez .. j8 Eo ""(�+h) x

,I
.,

�:
. (mxc) . (n1tw (n1t)• i sm a81n-a;-) cosT

.

'.

'1 2 2
: n n(k ·�)em£n

,.
• (m1tc) • (n1tW) (n1t). (m1tX)co·

[sma smT cosT Sllla
.

· �n n(Jt2e�)em £n I
'I
..!

and,

I

:i

11. d
.

H ..:LL(eSE i x
--y •. fCOf.1

0 1ta(d-h)

'I

,I
·

:i

nlty
.

-)b
(a.39)

ruty
.

)C08(,,-), : (3.40)
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! I
! I

I� sin(T)sin(T) coS(T) ,. 1 2 • bu nq·
'Ik· ., 2 \r-kJ )sinFa'>cos(T>' (3.41)
:mn n(r-�>emen i
" I

.

J I.,

� !

,..e determination of the fields inside th! patch cavity is now

completed !�. Usingu.- fields, the stored powe: inside the cavity and

the radia� power out from the cavity can be foundr Fl'()m the total power

inside the�vity the input impedance is formulated. I·
..

: I·

. The ilremaining task' is to solve for the :±t impedance for the

dominant�ode w�ch is™lO (m = 1, n = 0) mode' de the patch cavity [2].
,

!
,

I
;

3.4Input�pedance ofTMlO CavityMode
I . I
! !.

.

The !�elda in the patch cavity for the parti* dominant mode are

found to d�termine the input impedance of the patch !antenna. Starting with
the exp"s�on for the electric vector potential Fy in�uation (3.34) for m·= 1

and n = 0 fijt™10 dominant cavity mode one obtains: I •.
� I

.

�: I

i
I
i
I
!I·

1tX
.

Fy ••FlO sin (a).
I
:!

I

The ,i dominant mode

equation (�.32) becomes
!

(3.42)

eigenvalue
I

and the r�sonant. frequency in

I
!
,

(3.43a)

(3.43b)

i
I
I
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l.
I

Sub$ftuting for equation(3.42) into equation (3,17) yields
.

. '! X 2tX I

F11'
2 - �)2) sin (a) !

· I
·

!
· ,

; i

={ E 15("...:) � for b'2-wl2 ss s hI2+wl2. 0 s z s ,. 0 s " s a
0: otherwise '

t

(3.44)

I

Mul ; plying both sides of (3.44) with sin(� a4t integrating over the
,

i

entire patc4 cavity yields
·1

,

'�'
a .

; 2
b (d+h)

FlOn -� fsin <':,"lch Idy J dz

';
.

x=o y=o z-o

!
! a

hl2+w/2 d
= - E� I8(x-C) sin (:x) dx r dy J dz,

x=O y=bl1.-wl2 z=o
.'

'I

or,
i

· :1

;; xc

:1 wd sin(a)
FI0�, -2Eo •

·

,I ab(d+h) ( k2_<:)2)
I

·1 :

! 1

Fro� the vector electric potential in equation �3.41) the electric field

inside the +vity can be found. by using equation (3.5)� The z-directed electri�
field inside�e cavity for™10 mode can be written as!

i !

.! aF
i

Ez· 'i = E10 = -Ti:-

(3.45)

! x 1tX
· 'i = -Flo�) cos(a)'

·1

(3:46)



The rgnetic field in the patch cavity can be found by using equation

(3.17) (whe+ atay = 0), and for the dominantmode can be written as
.

By. Ljo)eFl0sin�. (3.47)

Give. the inside field components in equations (3.46) and (3.47) the

complex PO. er inside the cavity and the radiation real power are found. The

total power I supplied by the .magnetic current. source is the s1Jmmation of
I .

these two' �wers. From the total power the Input impedance of the EMC

patch antenfa is formulated .

.
'

The stored power into the cavity is given by [21]:
I
.,

I 7tC
�

* w·dsin(-)
Ps:i: f fUyMydv =_j2oleEo2 a7t .

i V �b(d+h){k2-(a)2}
d

jdz
a

(b+w)/2

i fll(x-c) sin<:X) dx i ely
:1 x=() y=(b.:w)l2
.!

or,

(3.48)

where, My�s the magnetic current at the feed end given in equation (3.1).

The above �uation gives the power for the particular dominant mode and in
i

the present,� it is imaginary.

I
:j
i

:j

.i

i
,I
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The power is the radiation power that gives the radiation loss.

The radiati: n power can be found by considering the microstrip cavity has

two edges (.14.&a5Uetic walls) at a distance a in the y-z plane. For the dominant
the ,variation of Ez along y-axis is constant and along' x-axis is ,

sinusoidal. ' n this mode the magnetic currents on two opposite. edges are

constant [2 . These edges are called the radiation edges. The magnetic
"

currents on the remaining two edges suffer a phase reversal and, hence the

fields radiat'd by them.largely cancel. The fields at the radiation edges at

x=O and x = can be wntten as
'

,

;1

Ez(x�) = -F10 <;), (8.49)

i
and,

I

,

'

1t

EZ{f:}· F10 �)�
l >1

ThJ .: lltage drop across the radiation edges can be written as
I i

VO(�
.,

'

) = (d+h)EZ<x=o),
I

"

;
.

(3:50)

(3.51)

and,

'(3'.52)

from the two edges is derived in equation

, '

,



by

I
i

I
��! :

I ,! i

I ! : ' i

ii, ,

, � , I

Thtt
.

'put admittance, as seen by the feed line at its end, in the patch
j : ! !

cavity is : I ' !
I

" !

I
; i

I :··1
i i·! P

Y
I: i t

1��!1 dE 12
! ; ; 0
! ' i
! �. I
I .. � 7tC

_i: i 2 sin2(a) k ab 7t
=

�\" )
7t 2 [211- j�(d+h) a2at2-�)2}].

I �, a2{k2-(.:.:)2) 7t

I
' 'a

I ..
:

I
'

• i

The ,iput impedance is the reciprocal of equation ,(3.55) and is jgivenI : 1 II , ; ,

I
'

, '

! ; : II ! i

: ' ! I
i "'1

I

�H' ��
I'." 10

Ii! , !

Thf: ;quation (3.56) is the required expression for the +put
impedanc�!,: ' the electromagnetically coupled microstrip patch ante� for

! .u , I'
the domi'

, •• :t ™10 cavity mode. By using transmission line equatirn in
I ,,' 'I

(2.32), t
'

'�forming the above impedance through the low impedance
Ii, , '

!
! i �
! .! !

I

I
I

�;:'"= f
i

;

I :

I ,'.

To.- wer supplied by the source for the dominant™10 mode is the
! ; i
i � ,

sum of(3.� and (3.53)
i i,! '

Iii ,

Pj:r+Ps" ,

=.?�2 sin2(:) 2 [211 _�&(d�h) a2 {��ll.
: ,,! a2{ k2�)2}! :

-50-

(3.53)

i

i
(�.55)

,



-51-

! .; !
analyzed i ;

ing cavity modal theory. The dominant mode into the resonant
I ;

.

patch ca�" i is the ™10 mode. The total power supplied by the feed line is
1 ; .. !

.

magnetically coupled microstrip patch antenna: has' been

g£&I.....

'

La"•.RoI,'on of the radiation power out from the patch cavity arid the
:;

.

reactive
i ;. i d power in the cavity. By using the total power supplied by the
. i I

magnetic!
,.

ent source, the input impedance. seen by the feed line is
1 ;,:1 .

formulated in equations (3.55) and (3.56). A computer program is written
!

. !

with the i , •.
;

ressions in equations (3.55) and (3.56) to calculate the input
! ;" I

impedan+.: !for different frequencies and patch dimensions. The. other
I';,!

.

c:bara..-te# ; c. Pllr8lD!!ters. are also found from the input Impedance-data.
.

The res�'� be shown m chapter-5.
" !

,: !
..

AI :., gh this method is versatile compared to the transmission line
If! .

.

.

model in
'

: metrical aspect and is also applicable to other geometries, it
.

:,: J

.• : the following limitations [25]: .

i: i

('1) ,:e model is valid for thin dielectric substrate only.

I :
.

(2) I .' :e model cannot include the effect of the mutual coupling on the
� i

.

- 'i :

(3) �. e cavity modelgives the field distributions comp
.

I, '! i ..

. s : �ng waves. The standing wave distribution 0 in case of

re t type patches (a .. "JJ2). In the case of a



,.

I :

I I
.

emf.' i
a, the tiel� distribution is of progressive type, � therefore

caDh'S·
-a ,

be determmed by cavity model. :

I
: 1

presen� ;: I
following chapter. a more generalized me

·

od will be

-52-

: ;

i .;
, .

I :

I ;

...

I

I
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I

I

4. PLANARWAVEGUIDEMODEL

model

preceding two chapters electromagnetically co pled
. i

! "atch antennas were analyzed utilizing the

the cavity modal respectively. The adv

s. of these two methods were also discussed in
:,·1

remarks ! 4! the relevant chapters. This chapter propo es a ore
I r : I .

gen4;! etb.od to analyze the EMC microstrip patch ante. ..
s [31 .

Th1 ::, ; .

sent analysis of the EMC patch antenna utilizes . e con pt of
.

I.' citation [24]. The antenna structure is consid
. :�. i

:. �anar waveguide bounded by electric and ma
'i: i

microstri
:. i

be (feed line) is inserted in the waveguide to

overlap �
i' i
n of the feed line and patch antenna contains of

,. !
.; j • • •

waveguid �i:; xcitation. The primary electric field over the feed l'
:1 i.

assumed
'.

e z-directed. The transition of RF power from e fe
.

e to
"ri .

the wave'
.

e is due to the fringe electric fields. The equival t·ma etic
.... :1

current or,: e fringe electric fields is, therefore, the Pri±' sour e of

antenna �J ,·tation. In the analysis the waveguide is as umed be
I';'!

'

infinitely}'; g in both directions. Invoking. the reciprocity heorem the
• " 1 •

.

!

-_··..·t of the feed-patch transition in the overlap i '. dete
.

ed

; e complete equivalent circuit of the EMC micro
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iii
i .' ! I

I .• i I .

�ting' •. , iment (patch) " repres�ted by an ideal�"+..� input

unpedan
. :! �

the antenna IS determmed from the eqUIvalent�t. From
the input .:

;

pedance data, the c:baracteristic features of the lantenDa are

extracted .

�i. • .

•

I
er a rectangular microstrip patch antenna excite.

!j. i .

I �trip feed line (see :figure-4.1). The feed line is I cated at the
i

interface
.

• ;two dielectric layers. The relative dielectric co tants of the

upper an�,i ; wer layers.are eh and ed respectively. The thi ess of the
i;' ;

upper di�'
r •

I
•

e layers is h and and that of the lower one is � The length
'i : i

and the" 'i
I .�!. i

of the feed line are L and w respectively of whi length c is
1

(overlap) under the patch. The length of the radi ting patch is
.

. :!' ! �. ,

a and th '. dth is h. The feed fine is centered with respect. to the patch
,

'

width. S· ;.: the coupling is primarily due to the fringing ele ..e :field (for

an open ��.: ed microstrip line, the magnetic field is negligi Ie near the

edge of th: : patch), it is, therefore, justified to consider equivalent .

I'!· !

magnetic

II
_.': ace current as the primary source of antenna e ·tation� The

equivalen ;: gnetic current is obtained once the electric fieltof the: feedline is 1m
'. I

• The electric field between the feed line and the
.

ound plane

isgiven� V .• ..

'

i ::: cos{�t<x-c)}
,

Ezt1�: : 0 (A.)'
(4.1)

I ;� I cos I"fC
I ;. !

j. !
i

.

i

where, E ,::s the z-directed electric field at x=O, �f is the ,propagation
i" I '

,

! 1 '

.eonstant f;' e microstrip feed line and e is the feed inset unde ·the patch.



,

,

'I :;"
. :,

.

.

.

,!'

Patch Radiator

h

d

.. i

Figure-4J j', two-layer electromagnetically coupled microstrip patchj : !

I ,I'! tenna
,

I'i '

'

, Usip.i Huygens' principle, the equivalent magnetic volume current

due to thJ ',:
ging of the primary electric field at x=c (between the edge of

,

and the ground plane) is found, This magnetic cur,rent backed

" ,c wall at x=c is considered to be the primary sourCe of antenna
: !

'd is given as follows:
'''' i
.::. i

Point

= (4.2)

1 j.! otherwise
, ,

'I: !

I ·.·1
A"'"

where, n 81:; e unit normal over the magnetic wall at x=c and ,for this. case, , '

.,' l
: .� � I

)!

A A

n =x.



:,

'er to make the analysis simple, the equivalent cirCUjt of the
.. I

•

.

I
I

feed line ...• the microstrip patch (ofwidth b) transition are developed first.
�

. I

.

,
.

i
·valent circuit is obtained, the effect of the radiating edges can

be inca • :ted properly. In the development of the equivalent.circuit of the
. I .

. : e microstrip planar waveguide is assumed to be iniiDitely long
in both •

.

':. i '.
ona. Figure-4.2 illustrates an infinitely long rectangular

.' ,

! !
_ �'i

�,'. Ii;

.;: !
:

!

----..>�·x

I
I"

I;i x=O x= c

I : :
i "

I :

I i

Figure-4.*; ,lanar waveguide representation of feedline-patch overlap:with
r c- i -+

I .

. gnetic current source M (Top view)

i . .

-+
planar wr:. i

guide in which a current source M is located in the region

between � ",

and x=c. The electromagnetic field radiated by this.source may
be expres' .'

as an infinite sum ofwaveguide modes [24] as follows:
! ;

!

1r ;n C! ["z � + "x �)e-.ikr', X> c (4.3a)

..



I
!
I '

! -.

,
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+ A ''fry
.

Cn by y e-J-X-, x> c (4.3b)

(4.3c)

It-r:
t

_ c� by Y e+iY, " < 0 (4.3d)

� .I'

and E -, 1; espectively for n-th mode.
I .j. i
: , I

; '!: ,. .

Tht! )ectromagnetic fields for transverse, electromagnetic (TEM)
I ; i

.

modes p . ating undemeath of � two-layer wide microstrip patel>. are
.

; I
.

b
I

grven y i!
j ,

!. i

EZI' il eze�,
Ex+·i : 1 exe-JY,

i
.

!
. ··1

H--i� I

h__ e-jy,
--YI : 1-y

1 :

where, Ip i is the mode amplitude coefficient and
!

",

field mode vector components for the electric and.magnetic! .

I

.. , ·vely. kx is the propagation constant of a two-layer microstrip

. !

transJJJ.is�� :
line. The expressions for the above quantities are given by [21]

I ,:i· .

.

•.
I z)

.

ez t •• �)'
(4,5)

·1
,!

. r
..

(4.4a)

(4.4b)

(4.4c)

I
I. :



I .;:
I '

I .

i

hy
.:: I t> ' (4.6)

;

kxt, �«: (4.7)
.

I

where, k'
'. : . the propagation constant in the free

.

space arid e.eff is the

effective

O<z<d

(4.8)

(4.9)

(4.10a)

(4.10b)

: . .

'. : r to obtain the equivalent circuit of the microstrip feed line-
i r 1 .

.

·an.I.'·�,·OD, the electromagnetic fields inside the waveguide excited by
, �

.

:c current source M1 are to be determined. The r,ciprocity
; I .

.

4
"i oked to obtain the fields. The theorem is expressed (for J' = 0)
;. j

.

.

. 1"
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(4.11)

:-+ -+ -+ : .

where, E � .• HI and E2' H 2 are two sets of electric and magnetic fields

I. -+ -+ t
,

the magnetic current. sources Ml andM2 respectively. In:this

are considered to be the total fields excited by the equivalent .

-+ -+ -+
ent source M1 inside the waveguide. E 2 and H2 are the

-+

'. t fields due to an auxiliary·source M2. These test fields can be
.J" .

long as they satisfy Maxwell's equations.

-++ -+-
are the amplitudes of the fields Eland E 1 respectively,

given as £4 Uows:

-+
�-.J electric field E 1 is expressed as [24]:

+ A _j1r X

by Y e -x ,x>c

I..
).
: .

. ,

. (4.12a)

(4.12b)

(4�13a)

(4.19b)



I.r·11.:r
,

where,

+ -
.

er to solve for the field coefficients C and C , the test fields

must be
.

i. sen. As mentioned earlier, any chosen field can be. used as long
·1.

as it sati �. s Maxwen's equations. All boundary conditions must be met, so

a field w
,.:,

makes the mathematics as simple as possible is deSirable. In
. I'

! .

eld with unit amplitude and the same field configUration as

damental·mode of the waveguide is chosen.that of

". .

..

Co .. � ering an auxiliary test source at x = _, and the fields' produced
I "

! !

are chosen, namely
, .

. j:
T

�E � A A +jkxx2 ;.
= [ez z + ex xl e ,

(4.148)

(4.14b)

. � � �
.

I.
the fields E2 and H2 are a source free solutions (M2= 0) within
r

e and the surface integral is zero over the waveguide walls by
A � .• � A

boundary conditions: n x E (perfect electric walls) = H x n

(perfect InaiIlln,etic walls) = 0, equation (4.11) reduces to

s·

(4.15)

i:.

l

l
,.

I
.j
i.
.;
".

:1
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(4.15)

d 82 are the cross-sectional areas of the waveguide at x=O and
�' A

'
'

'., ·vely and n is the unit outward normal on the sUrface. By
• '

' �+ �- �+
.

�-;
: appropriate substitutions for E l' E l' H 1 and H l' equ,ation

i:
-j
.

+h

• C-{(ez�-Y)x(-¥) - (e;'-e;') x(-hy�)}e-j2Y.(�) dz dy

+

or,

2C

+ .

own mode amplitude coefficient C can now be written asTh

(4.16)

where,



(4.17)

-

er to determine e , another set of equations is available. They
.

�
.

."

. � considering the negative traveling wave of the test fields. The
"I:

test fiel
.,

i

(4.18a)

�i
H \=
2!

I

I

A .1r".

by Y e -J-x-. (4.18b)

+
the same procedure as for the determination of e ,(4.15) can

+

+h
; fe+{(ez�+ex�)X(-hy�)-(ez�+ex�)x<hy �)} e-j2y.� dz dy

·bewrit

or,



. i

. 1
. ,
.. ,

or, . : : � .

.. , ... :.

where,

(4.19)

d hy are given in equations (4.2) and (4.6) respectively.

+ -

g for the. unknown coefficients C and C is now a 'matter of
.... .

.

for M 1 and hy only. By making these substitutions.and

solving f<J· j ach of the integrals on the right hand side of (4.16) and (4.19)
�j

yields .: i
.

,

-

C

where,

i
I

.

�
i
,

s

electric

source

(4�20)

(4�22)

, + -

-:
,

tutions for the values of C and C into (4.12)-(4.13) yield. the

magnetic fields excited inside the waveguide by the primary



,ompletes the determination of required fields inside the

e next step is to determine the z-directed electric field at x=o

and x=c,
"

the corresponding voltages at the two points.

4.23) it is observed that the transverse electric field across the

'" ap) is discontinuous.

I', .

Th' -f ltage drop across the waveguide at x=() can now be written as

I: i
."

. I .

it ,:
d h d-sh

V-JIJ 1+ E (x=O)dz = E A e-jkxc f i{z) dz (4.24)
I: z 0 J e(z)
II i z=o
I !

for f(z) and e(z) from equations (4.8) and (4.9)

respectivf ,3t. to (4.24) and solving for the integral on the right side of (4.24)
.

Ids II· I
yte I; i

,

'

,

1;1' : '

I ; ,

,

V
-�rt A 1. [.!!. + !..] = E B e -jkxc

'

(4.25)
i:'; eo ed eh

0
,

I,
"

where, I'.
I

l-
1'1
i
I'

'_
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1

(4.26)

-

the same procedure as for V , the voltage drop across the

x = e can be written as

(4.27)

(4.25) and (4.27) give the voltage drops across the

x = 0 and x = c. The next step is to examine the problem from a

ofview and devise a model of the overlap region.

ctrie fields and the voltages at x == 0 and x = e are found by

patch on the overlap as a rectangular planar waveguide

"by the electric walls on the top and bottom surfaces and the

magneti� us along the two peripheral sides of the patch. As mentioned
I

, '

e transmission line model, the microstrip patch can be viewed
.

crostrip transmission line. Considering now the patch'as a

line' of the same characteristic impedance as that of the
'

.

,e voltages at x = 0 and x = e at the two ends of the overlap are

,

tions (4.25) and (4.27) respectively. The discontinuity of the line

(4.28)

I

I
,I
,

1
I
-]

I
; ,

! i·



j
]

1
I

I
!

e currents at x = 0 and x = c can be written as

-

I (4.29)
I
I
,

·1

i
and, .1

I
.

. J•
+

+
= V Yo, (4�30)

,i 0
. I
, I

where, .�. the characteristic impedance of the transmission line

equivale '1 f the microstrip patch ofwidth b and given by equation (2.15)

andYo=·
.

the line voltage and the line current are discontinuous, the
,.

ansition (overlap) can be viewed as a 7t-network [23] as shown
. j : The voltage diowntinuity w. ;Ju, ""ui�ent�onlin.

Ynillrot+li
...strip planar waveguide is illustrated as a voltage generator

series with a linear circuit element. The current discontinuity

.7t-network where the lump reactive elements represent the net

AIn'lhoav stored in the overlap region.

rimary feed line voltage and the secondary patch line voltage
. same in general. A transformation effect should be introduced

r the feedline and patch transition (see figure-4.3).

-4.3 the ideal transformer provides a means for ,adjusting
between the feedline source and the patch radiator so that the

t of power is transformed from the feed source to the patch

radiator



I
1 .

1
I
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,

• I

maining task is to determine the unknown circuit parameters
j
.. and to develop an equivalent circuit model of the total structure

-co-+-:

Z

x �+co

!..

i x� X�

1
I

Figure-4.·
� cuit representation of the feed-patch overlap region

.

e equivalent circuit shown in figure-4�3 of an infinitely
. long

line of characteristic impedance Zo, the open circuit currents

(4.29) and (430). The other currents in the circuit can be

(4.31)

: 1
· I

:i
· I

..

·1
-



and,

·1
i

. I
:.i ,

1
. :1

r
.1

1
i
,

where'Y1

(4.32)

Y2 are to be found .

..... 1I'1� Kirchhoff's current law at node X=c yields

:

for 11 andI2 from (4.31) and (4.32) respectively, and

rearr e above equation yields

t . It .. -(It + 12)· -.ilV·Yt + V+Y2]
I

(4.33)

,

- + - +

tuting for the values of V , V ,I, I from equations (4.25),

(4.27): (4. (4.30) ;nto eq�tiQn (4�82} and aquatiiig th-; ieal md imaginary .

I 4

parts sep,' ly, yields
'I,

1- cos(kx_C)
sin(kxc) , (4.34)

1- cos(kx_C)
o sin(kxc)

= - Y1' , (4.35)

,

g Kirchhoft"s voltage law across the source between x=O' and

+
.

= (I + I2)jx + nVp (4�36)

where,
.

y
j
s the primary source voltage between the feed line and the

- + - +
'

. Substituting for the values of V ,V ,I, 1 from equations

(4.29) and (4.30) into equation (4.36) and equating the realand

ima,.,-..al_�"�!!L'r���.Q, separately as before, x and n can be written as



'11"I
I
j

. 1
·1 :

I

: I;,j
I':11; I

.1.

l'ilD8rY feed line voltage Vp at x=O is dEo'

I
ons (4.34), (4.35), (4.37) and (4.38) are the required exPresSions

. I .

for the ': t parameters of the feed-patch transition. The parameters: . Y1'
; I.! .

:' .

Y2' x and! ,. are functions of feed inset e, substrate dielectric coDitants £d
,1�hlljltrate thickness d and h, feed line width w, patch dimension b,

(4.37)

(4.38)

Yris give: ".
'I , ..

shown in j·1iiI111N-4.4. Figure-4.4 illustrates the complete equivalent circuit

'.

mplete equivalent circuit of the EMC microstrip patch antenna

figure-4.3 by simply addiiig the effect .u1 i.he radiating $lots

. Instead of the open circuit the slots are viewed as' the

ttances Y
r
connected at both ends. The radiation admittance

quation (2.18). This means that figure-4.3 can be�ea as

C microstrip patch antenna.
!
.•

edge

11_* has two radiation slots at x=o and x=a. Since one radiation

, the radiation admittance Yr is directly connected �. the

= O. For the other radiation edge at x= a, the second radiation
is connected through a transmission line of length (a-c).' The

e characteristic impedance Zo and propagation constant�line ha.i

I
. I.';
'j

II."
I



i I
! I
II·

II
.

I .

:: :

·1'
F'_n·...ne complete equivalent circuit model as illustrated in figure-

4.4, the .'la:111 impedance of the EMC microstrip patch antenna is obt8ined
by trans!

.

g the radiation admittance Yr through the low impedance

microstri
.

of characteristic impedance Zo given in (2.15). In the flgure
e input impedances seen by the secondary source Vs at x = 0

-70-

(4.39)

Yr + jYotant1tx(a-c)} -1
+ YOYo + jYrtan{kx(a-c)}] , (4.40)

.

,� . ;.

(4.41)

turns ratio of the ideal transformer given in (4.38) .

..

i n (4.41) is the input impedance formula of an EMC

tch antenna on a two-layer substrate. By using the formula a

I_oftam is written to compute. the input impedance. Fro� the

input im.�:talIlC,e data other characteristic parameters such as return :loss,
resonant 1 .

ency and bandwidth are determined. The numerical results .

,
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t

_1---1:.
x=c "'�------'!i)lt...1

a-c

4.4liOJ...••
"

.l� equivalent�t model of a two-layer electromagne�cally

.....n,gular microstrip patch antenna has been developed. In the
.

. of the circuit model the analysis was two-fold. First, the feed-
: !'

.
.

tra'_tt·on model was developed and next the radiation effect of the

': f was incorporated. In th� development of the tran�ltion

own fields in the overlap were determined by invoking the

orem. By using the electric field thus determined, the

model,

. .

..• �. voltages and circuit parameters were found. The' complete
IIrCUi·t model was obtained by adding the radiation admittances
tiDg edges. From the complete equivalent circuit, the input

,
by the feed line was derived. The input impedance of the

antenna was obtained by the simple formulae (4.34), (4.35),

1
1
I I
i .



-72-

, (4.39) - (4.41). This simple expression of the input Unpe4ance
reveals

ImlBrllllg the circuit model developed in the present method;with
that of ansmission line model in chapter two, it is observed that the

present el contains more lump reactive elements. This yields more

resentation of the net reactive' energy stored in the overlap
!

region.
i

ethod is more generalized because it can be applied to higher

llowing chapter will discuss the results obtained by' utilizing

oaches presented in preceding chapters.

I
I
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6.RESULTSANDDISCUSSIONS

chapter a comparison of the theoretically predicted resuJ.ts is
g various methods described in the previous chapters ,with

,

'e experimental data. Such a comparison will give a measure of

the analytical methods undertaken in this thesis. Different

perfo characteristics of an EMC patch antenna in terms of the
i

design p
,

I ,:

"ollowing sections wili deal with the experimental., and

.; re.f5ults obtained for an EMC rectangular patch, antenna

,

tWo dissimilar substrates. The frequency range used was ,from

.5 Ghz. The choice of dissimilar substrates offers a flezible

rmance as well as removes the difficulty of coupling between

_rut"try and the radiator elements (see ehapter-I). The input
,

es will provide with the estimates of the design parameters,

resonant input resistance, resonant frequency and' the

omparison of theoretical and experimental input impedance
; rove the validity of the theoretical methods.

eoretieal results and the experimental data will be compared
to the return loss and input impedance of the antenna,' The

'data were recorded for various frequencies by using the



!
.

i
I
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1
,
�

.

,.

,I

.

put impedances of the EMC patch antenna were computed

'. by using equations (2.32), (3.55) - (3.56) and (4.39) - (4.41). The

g return losses were found from the numerical input

ta by using the formula

(5�1)

where,
..

the input impedance obtained numerically from equations
- (3.56) and (4.39) - (4.41) and ztis the cl1aracteristicimpe�ce

.

.

e. The feed line was designed for a characteristic impedance
of50n ( On) using the design formulae given in [32].

erica1 results will be compared to the experimental results

trRItib.g different plots of the data. In the following sections. the plots

__"'_,.u.. in different graphs followed by a discussion on the results

.

turn loss curves were produced. in figure-5.1 for a patch of
. ,

,. 2em and width b=2.00cm by using data obtained from the
.

.
.

..

:

I
alyses and experimental results. The other specificatio�s of

tch antenna in the measurements were: the lower substrate
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"""�'-870 of dielectric constant £d = 2.33±O.04, and thickness d =

e ,upper substrate was a TLY-5 of dielectric constant :eh =

d thickness h = 0.15874cm. The length of the feed line L =

·ch a feed inset c = 1.11em [(cla)x100% = 50% overlap].: The
feed line was (w) 0.2413cm. The specifications given above will

:, 'j' , ,

:,

,

same throughout the following, comparisons except the patch
I

,

r .

length a. In all the numerical computations £d and eh 'Were

be 2.33 and 2.2 respectively though the uncertainty of the exact

loss of an antenna is a measure of degree of match between

the radia
'

.
element and feed network [see equation (5.1)]. The higher the
the better matched are the patch .and the feed network.

. .

,

turn loss in a given frequency range occurs near the resO)lant

the antenna. This is not an unreasonable approximati6n to

frequency of maximum return loss to be the resonant

the antenna. Thus from return loss curve two impoi1;ant

':
'

f the antenna can be predicted, namely the degree of�tch
�gnslDt frequency.

'-5.1 the return loss curves were obtained from the plots of

return loss data and the calculated return loss data frOnl the
,

,

threa di
,

nt approaches, using the same parameters. Thus the curve
, i::; ,

,
., 'ur different plots. By comparing the theoretical results to the

! '!

:

results one can immediately see that there is some similarity
�

es of the curves as well as some significant differences.
:

.

. :

e more closely related curves to the experimental one the better

I :

1 I'
I :1, '

�. ; .

, i'i ,

'I
I': ,:'

'i, '

'i:: :
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F the maximum return loss obtained from the

data was -17.61dB at 4.10 Ghz� Those obtained frOq1 the

ely transmission line model, cavity model method and planar

• EXPT. RETURTN lOSS
TRANS. RETtJFt.llOSS
CAvrrv RETURN LOSS
PLANAR RETURN LOSS

. :.,

•

,
.

i'

FREQUENCY (GHZ)

Figure-5.1 Return 108s curve
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wavegui eory were -17.03dB at 4.24Ghz, -14.52dB at 4.40Ghz and
['I: , ':,

18.21dB ,; :�l : .20Ghz respectively. The depar:tures of the maximum �turn
losses of', "!theories froiD that of the experiDiental results were 3.35�iless,

: .!: :

.

".

17.65% I : "I and 3.4% higher for transmission line model, cavity modal
I ;'� ;

.

:
:

method ,'i ucitation of waveguide method respectively. The theoretical
'i" j , ,',

resonant:
"

uency shifts from that of the experiment were S.41%upward,
i: i

7.3% up ,'" and 2.44% upward respectively. By comparing the theoretical
11.' ,

,

'

'

,

and expe .,
,

ntal results one can immediately see that the curve ob�ed
i!'; ,

'

from the
I I !;

waveguide method is the closest to the curve obtained :from
,

t'
'

i: s: :

the expe
"

: ntal plots.
,

power bandwidth obtained from the theoretical analyse� can

be comp, : to that determined from the experimental data. Usually -10dB
1 ':

return I
;' :bandwidth is called the bandwidth of the antenna [25]. In
I' "j', :

figure-5� !" le :-3dD bandwidths are 2.7%, 2.0%, 3.9% and 3.4% &oBi'tlie
!

�sults, transmission line model, cavity modal method, and

:�guide method respectively. The theoretical bandwidth
!

.'
planar

� �m that of the experimental results were 1.3% less, �.2%
i

.

iO.7% greater for the three theories in order. The, bandwidth

performqi••i is the best for planar waveguide method.

'mparison ofthe theoretical and the experimental return losses

: d'for four different EMC microstrip patches. The patch widths

i, 2.00cm, 3.00cm and 4.00cm respectively. For each patcl;l the

• patch was 2.22cm and the feed inset was half the • patch length

ble-1 shows the comparison of the maximum return .,88e8 and

, I
length of

:

(1.11cm).'I,
I,
i:

the corre
:,

1,
theoretic' :

, '

,
ding frequencies obtained from the experimental da

'

anel the '

sults. Table-1 shows that in the experimental r ults the

resonant i,...:1I't.�:encies decrease gradually with EMC patch widt i For, this

Ii·I, I '

I: I



-78-
!

i
I

, I;
ed inset the maximum return loss obtained was:'l .l6dB :for a

! . �:

'th 2.00cm and the minimum return loss obtained w . -6.88dB
I

pf width 4.00cm. The results obtained from the tr

line mod
I

alysis shows higher resonant frequencies dep

those of': 'experimental results and for wider patches the .....-.ow.aaaum

return 10
'

eviates largely (about 50% less than the practical w:IIIl1l1'1"n

Cavity
I

analysis' produced results almost invariant jresoJlant
I

.

(around 4.42Ghz) and maximum return loss (-10.0 ). There

I...narks on this theory that are mentioned in the concl

planar i.:guide analysis produced results closest to the e

results
!
respect to both the maximum return loss and I reso�ant

I
I
I '

,
'

i
I
,

"

TABLE·l

'MPARISON OFMAXIMUMBETUBNLOSSES

COfBBJ..Il.NDINGFREQUENC1ESFORFOUR EMC

MICBOSTBIPPATCIDS
; �TCBLENGTH. 2.22em, IrEED INSET .l.llcm)

I

RLmax FREQ. RLmax FREQ. RLmax FREQ. I RLmax
(-dB) (Ghz) (-dB) (Ghz) (-dB) (Ghz) !(�)

1.00 -12.7 4.27 -15.8 4.43 -12.8 4.27
I
�10.5

1-18.22.00 -17.6 4.25 -16.5 4.40 -15.7 4.20',
3.00 -10.5 4.20 -5.72 4.42 -10.1 4.14 1-9.29
4.00 -6.88 4.17 -3.31 4.43 -11.0 4.07 j -6.16

I· :
,

I

1 ,11 I
:

I
I

i

I !

I
.

'.

J i

f
I

I

GULAR

PATCH

WIDTH

(em)

. ERIMENT TRANS. LINE CAY. MODAL

MODEL ANALYSIS

ARi
..
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I
I
I
I

from the comparison of the theoretical to' the

results with respect to the maximum return loss resoJl8llt

'd bandwidth it can be concluded that the planar
r ,

avegwde

!
between results obtained

'''4IIWI,tlp<lI.&Q&yses and the experimental data are much

,esults still provide reasonable estimation. The ireso�t
and return loss departures from the reali can be

, ,

i the fabrication tolerance and the uncertainty of the
.

el�c

ipreceding section comparisons between the theoreti

• results have been made with respect to antenna r�...u.�, loss,

-wtQ'l'Yleters of an EMC patch antenna namely, the axiJJlum

,-.m-sonant frequency and bandwidth were predicted. kowever,
1· !
I I

the comp
i

1 '

,

I

In this s
I

,

ns based on return losses were indirect [see equa

,n the quantitative (direct) comparison between the

'ent results will be conducted with, respect to �e input
i '

I ;

,

the antenna and some other parameters will be pre cted;
� impedance of an antenna is defined as the i pedanee
! 'I

'

:
an antenna at its terminals or the ratio of voltage to

I

fit at

1l&.lIUJnats or the ratio of the appropriate components of

function
I

loss), the

:etic fields at a point. The input impedance is g

quency. For a lossless antenna Oosses other than tadiation
part <>f the input impedance is called the input res rtanee or

I
"

I
I,

'

i i _



I
1

I
the radia

I
'resistance of the antenna and the imaginary part i �e� the

'ClII!Ii4III�,ce of the antenna. The input impedance of the ante should

be conjug!.:'matched to the impedance of the feed circuit to
••

e the

impedan
I!I!
1 i
II
I!

I
(a) Tra·nswJ-.,ion line model input impedance

: 5.1 illustrates the plots of input iIp.pedance data ob
.

ed ifrom

data.

.obtained from the theoretical results and the e,
I

I
I
i

�red to the antenna [18]. Thus the input impe
,

: very important parameter and it can be used to

• ciency. The followings, are the comparisons of

ental results and the results obtained from the

OIJIIII1l[l8lysis for a patch of length 2.22cm and width .00CDi at

; using the same parameters.

: een from the plots each of the curves crosses the ,ro b;lput
j,

'

,Qe.�·is when the input resistance is maximum. The in rsections

• t which resonance occurs (i.e. the inductive and

, eel; the impedance is a real quantity). The input

��'ee is called the resonant input impedance (resis
,

ding frequency is called the resonant frequency. Th 'resO.nant
: j

• ces were 106.23&1 and 84.83&1 from the experimen Iplots'and
J

'

'sion line model plots respectively. The correspondin
,

resonant

i were 4.21Ghz and 4.19Ghz' respectively. The h f power

,.5% respectively. The theory yields 20% less reso

,

.5% downward resonant frequency shifts and 2. % larger
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espite these discrepancies the theoretical results s

Ie estimation of resonant input resistance.

I

i
!
I

I

i'
:c
o
.......

w
o
z
c(
Q
W
D.
:&
-

......... TRANS. INPUTRESISTANCE
.. TRANS. INPUT REACTANCE

" ..." EXPT.INPUT RESISTANCE

EXPT.INPUTREACTANCE

�
D.
Z
-

\. I�"
."

"".
"
..-.._

".
'K"
."

4.05 4.-;0 4.15 4.20 4.25 4.30 4.35

FREQUENCY (GHZ)

.: 5.2 Transmission line model input. impedance curv

i

,

I :.

provide

1

I
I

I
I
i

1
I .

I
,
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analysis input impedance·
i

;

� e-5.3 input impedal}ce curves were produced fro·

: the cavity modal analysis and the data obtained IfroD1 the
': i '

:! I
.

:� ·for a patch of length 2.22cm and width 1.0
I

at :50%
; t
g the same measurement specifications as

! .]
resonant I;

.

ut resistance obtained from the theoretical a.&&<�

113.11n : resonant frequency of 4.16Ghz. Those determin

,:ta
.

were 106.23 n at 4.21Ghz. The half power .

;!

overlap,

the analytical results was 5.77% and the same d .rmined
Ii I. ..

',' ental results was 2.14%. From the plots it can be teen
that

; I results using cavity modal method produced higher

that·of the experimental results by a factor of 3 $3%. The
.

.

i·,
'ktance estimated from this method were 9% greater ,that
!I '

.

ental results and resonant'trequency shifts upw Ifroni· the
friresonant frequency by a factor of 1.2%. From·the tnparison
.: uded that though the resonant frequency shift and dwidth

overlap,

'ii

__".,...ifrom those of the experimental results are high,
Ii!

:ii. ate is quite reasonable. I

::'veguide model input impedance I
;;'5.4 illustrates the plots of input impedance data ob

I �!.

:bf excitation of waveguide method and that dete
n�

:. data for. a patch of length 2.22cm and width 1.00

fig the same measurement specifications. By comp
.

g: the
� : I

! !,! ults to the experimental results one can immediatel see 'that

:l:orm agreement between these two different plots
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014 CAVITY INPUT RESISTANCE

• CAVITY INPtrr REACTANCE
EXPT.INPUT RESISTANCE
EXPT.INPUT REACTANCE

j

I
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W
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::» i
Q. Iz
-

I
I
,

ii.
"
I'

I:
Ii

( Ii
11

i:
:Ji.3 Cavity modal theory input impedance curve
j;
"

!� 1 • •

Ii Ii.
. ; .

, , ! .

theory sh! iia higher input impedance values by a factor of abou
i
7%. :The

i Ii . I' :.
I,
t resistance obtained from the theoretical resul ! and! .the

;

Ii
:

.

,

were 124.7Bn and 106.230 respectively. The corr 'ponding

FREQUENCY (GHZ) i
,

I
I
I

,
.

resonant
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I ji .

bandwid ': tained from the theoretical results and the exp
.. �lltal

,I

�% and 2.14% respectively. The theoretical estima ns show·
i: .. I •.
.

nant resistance, resonant frequency and the b dwidth

.; from those of the experimental results were I greater,

IfDR and 1.� larger respectively. !
.

I:
.

. j
I: t

i
I

. I
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comparison of the three sets of input impedance p

that
I!
: oretically predicted resonant resistances and
!

,'ere always larger than those determined from the
:1 •

Ii
"

, the discrepancies are within reasonable toleran
1:
resistance and 1.2% resonant frequency). Obviousl

I! to the experimental plots is obtained form the e�
i
thod. Thus it can be concluded that this method e' '., '

,'the
Ii
"

I

data wer�
CompariS� ,

predicts

J
Ii section comparisons between the results obtained
Ii
proaches and the results determined from the exp rimental

!
'

• nducted based on the return loss and input
I

sased on return loss provides with a qualitative pi :
e important characteristics of the antenna. Us·:

!iinPut impedance 'data, �Uantitative comparisons w
ii '

I

t antenna parameters, namely return loss, reson
I,

';d resonant frequency were investigated with resp
,

ii I,
i

sions. The agreement between the theories·

I'were in general good. Comparison shows that
!i

, ";

i

d on the results obtained from the planar waveguid
'

theory.
�

. ,

Ii '

I
"

design

;' the planar waveguide theory were in the best agr
!

;:proaches undertaken in this thesis with respe :'
; !

•

I: .

I

results. It is appropriate to conduct theoretic
L

.

length.i
I
!
1
I

DesignCurves
"

f;
!1

: portant design parameters of the microstrip patc

I:input resistance, resonant frequency, patch width·

!! tch length of the rectangular microstrip antennas

d patch

usually
I

I
j
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I' j

ii II J,II j

t wavelength of the antenna [1]. The designed v ue of the

II is directly related to the resonant frequency of th lan�nna.
Ii .

.
1 ;

,; th is inversely proportional to the input resistance
Ii
.'

the antenna (see equation 2.11). The wider the pa the less
:!
u

: resistance of .the antenna. The followings are the
"

I!
.

parameters obtained from the planar waveguide eOr)' for

EMC microstrip patch antenna.

,
,

'creasing function of the patch width provided that
,I '

I
ensions of the antenna remain the same. Th

of the resonant input resistance to the patch wi
Ii
I' .

,tion (2.11). From the curve the optimum patch wid
I;

liresonant input impedance match can be found. Fo
.

t impedance at resonance, the design value of the
!; •
I
ed from the plots was 1.59cm. Thus this curve pro des.With

I�
.

, : :

the es· '. r of the important design parameters, namely the resonant
,

ce and the corresponding patch width of an E C patch

ance at resonance vs patch width

,.
6.5 resonant input resistance curve was produ

11

I,or various patches. The patch length was consid

f .

Ii the feed inset was half the patch length.
!:
.

specifications were the same as before. From the
Ii

i
the resonant input resistance of the EMC· pa

e Qther

a�es
;
,

,

I .

I

i :

, ,

I :

I .

!
.

i
;

I :

t
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i

I
i
I
i '

PATCH LENGTH = 2.00em'
FEED INSET = 1.11 em (50%)

1

I
I :

i
I
I
;

i ,

[
'

I'
i

r
I ..

! '

'10 I.I! 0 ,._..� � _ ,....._...I '

!: I:!:' 0.5 1.0 1.5 2 .. 0 2.5 3.0 3.5 4.0 4.5 5�:
l i

I' I: PATCH WIDTH (em)
.

gure-5.5 Input resistance at resonance vs patch wi '

,

Ii I, :,I! :
lIi ' : !

rrequency VB patch lentfh I .

Ij ; ;
.

onant frequency curve iwas produced against the pa' length
!: ;" ,1'

, pedance data obtained from the planar wavegui ,th$ory. '

il !
.

"ustrates the'variatio+ of the resonant frequencyHth the '

variation
'

e patch length for vari.us patches. The patch wi in I ;was
Ii

'

ii'
I: I: ! i

E I' !
, i! ,

,i
j I' I

•

I
!' j i

! i;

I
:

Ii :!
'

,; I I

I. I' i
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.i
1

j ..
"

:1I,
J! .

.

.

:.:
i '

�d the resonant frequ�ncy can be extracted. For ex
+

,pI�, for
'i

antenna operating 1st 4.05Ghz resonant frequ ney,; .the
,

'

�Ibtained designed val�e of the patch length was 2. r:em.!TheI "

'

,

be used in the pra�cal EMC antenna design. '

, ,

: .. ! I,
,

!
I

i
F !

.' chapter comparisons between the results dete

'ntal data and the r�sults obtained from the

:ere conducted based 01). the return loss and input
.

il· ;

::based on return loss pve merely a qualitative pi
!

,
;'$nd

I, • ,

i I�portant characteris�cs of the antenna. Using res ,'ts based
'

! !

pedance data the qu$ntitative comparisons were : e.
!

The
!

t , ,

;! ign parameters of th1 antenna, namely the reson
; ,

: resonant freq�eney and bandwidth were investig ted wi� ,

,: return Iess and input :impedance of the EMC pate janteima.
I, : I

'

I; i j

:nt between the theo*etical results and the exp
.

ental
iiI
I: in general good. In �he analytical approaches t

'

.planar
;1'

.

:: thod produced the results most closely to the exp
: .

ental
: ! i

Ij theoretical design plots were presented from
I. :
:,
ing planar waveguide !method. The discrepancies' ireso�t

i; ! :
,

d input impedances! can be attributed to the f ��cation
iii

'

IIuncertainty of the sub�trate dielectric constants [11� 1
; I:

'
'

I
1 i,

ii'

j Ii,!
I:
j:

I
;

,

results.

tolerance

!
,

. ;!.

1
1



-90-

6. CONCLUSIONS

Electromagnetic coupling is found to be a very promising feed

technique that could be used in the production of linear antenna array [15].

Higher bandwidth and gain, ease of fabrication, reduced spurious radiation

from the feed network make the EMC patch antenna an attractive topic of

antenna research. This method provides for flexibility in choosing the

substrates which best meet the conflicting· requirements of the total

structure (namely high dielectric constant for the feed and low dielectric

constant for the antenna elements). In addition, the fact that the lower

substrate is very close to the ground plane is very useful since, this will

provide least feed rama'Qon distortion. The choice of thicker upper substrate

increases the bandwidth [7] where lower bandwidth is an inherent problem

to the microstrip patch antenna.

The interest in electromagnetic coupling has been growing steadily

as more researchers become involved in the problem of narrow bandwidth

and construction complexity. The work presented in this thesis is both

mathematically simple and practically efficient� The work includes both the

theoretical analyses of the problem in three different approaches and their .

experimental verification.

The obj.g"tives of this thesis were to analyze the EMC patch antenna

with different theoretical methods, to develop an appropriate analytical

method that can predict accurately the characteristics of an EMC patch
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antenna, to verify and compare the analytical approaehes with the

experimental results, and finally, to develop the design procedures for the

EMC patch antenna using the appropriate method. To satisfy the first

objective of this thesis, the theoretical analysis was started with the

transmission line model. The patch was viewed as a transmission line

loaded by the radiation impedances at both ends. The feed patch transition

was represented by an ideal transformer connected in series with the

transmission line. Modal field expansion of the feed line field was used to

derive the turns ratio of the ideal transformer. By combining the

transformation effect to the transmission line equivalent of the patch, the

circuit model of the EMC patch antenna was developed. From the circuit

model the input impedance of the EMC patch antenna, as seen by the feed

line at its end, was formulated. The input impedance formula was

computer programmed to produce the theoretical inp·�t impedance data.

From the theoretical data the resonant frequency, resonant input

resistance and bandwidth for a given feed inset and patch dimensions were

determined.

The cavity model of a patch element was presented in chapter-a.

Modal expansion of the cavity fields ·was carried out on the model so that the

fields could be found. The wave equation of the feed line source was

produced as the governing equation that predicted which mode fields would

be excited inside the cavity. The dominant mode in the cavity was

considered to be the TMI0 mode and fields calculations were limited to the

dominant mode only. From the field solution th � radiation power and the

stored power of the patch antenna were obtained. The total power delivered

by the feed line Is considered to be the summation. of these two powers.

From the total power it was possible to obtain an expression for the input
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impedance seen by the feed line at its end. The theoretical input impectan

data were produced using the input impedance formula.

In the development of the accurate analytical

waveguide method was proposed for an EMC patch antenna [31]. This

the second objective of this thesis. In this method, the EMC patch ante

was considered to be a planar waveguide in which a microstrip feed

inserted laterally, supporting TEM wave modes. The electric fields in Ide

the waveguide was found by using the reciprocity principle. From the fi Ids

the voltage drops across the waveguide and the line currents

determined. Both the voltages and currents were discontinuous across the .

source. Due to the discontinuities of both the.voltage and current a 2t-cir

model for the source was developed. By incorporating the radiation effe

the patch with the transition. circuit, the complete equivalent circuit
.

developed. Input impedance formula. was' obtained' from the equiv

circuit. The formula was used to collect numerical design data.

Objective three was met by a check on the validity of the anal

approaches and a comparison between them. Theoretical data points

produced by using the same parameters as those of the experime tal

measurements. The experiments were conducted by using the HP 85 OB

vector network analyzer. To gain. confidence on the theoretical method

well as predict different parameters of an EMC patch ante

comparisons were made with respect to return loss, input imped

resonant input Impedance, resonant frequency and bandwi

Comparisons showed. reasonable agreement between the. theoretical

experimental results as well as some significant differences.

discrepancies of the theoretical parameters from the experime

parameters were also considered to be within the tolerable limits. It
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therefore concluded that the theoretical development as well as the

computer program gene1'ating data points provides reasonable estimates of

resonant freque.cy and resonant input resistance. These discrepancies of

the resonant resistance and resonant frequency can probably be attributed

to the fabrication tolerance and uncertainty in the values of the substrate

dielectric constants.

In the comparison the input impedance plots produced by the

transmission line model data showed the resonant frequency distortion by a

factor of 0.5% downward shift from that of the experimental results. The

other discrepancies were 20% less resonant input resistance and 2.2%

larger bandwidth than those of the experimental results. These

discrepancies
.

can be attributed to the simplest design formula of input

impedance derived in the approach. Moreover, to keep the mathematics

simple as possible mutual coupling between the radiation slots, losses due

to the dielectric materials, conductor were not considered in the theoretical

analyses. Thus it was expected that there would be some differences

between th� theoretical and experimental results.

The cavity modal method for the EMC rectangular patch antenna

was analyzed for the ™10 dominant only. Usually in this particular mode

the patch length was considered to be greater than the patch width. In this

mode the radiation loss is due to the two radiating edges spaced half

wavelength apart. The results obtained from the input impedance

computation for a patch of length 2.22cm and width 1.00cm showed

estimates of 9% greater resenant inp�t resistance, 1.2% downward shift in

resonant frequency and 2.66% larger bandwidth than those of the

experimental results. This results" were in good agreement with the

experimental results. For patches of width larger than the patch length,
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this modal calculation does not couple with the experimental results as the

input impedance is directly proportional to the patch dimensions [see

equations (2.55) and (2.56)] .. Thus for the analytical results based on the

particular dominant mode, the discrepancies from the experimental

results are not unexpected. Like transmission line model analysis, the

mutual coupling of the radiating edges was not considered in this analysis.

To obtain results closely to the experimental results, it is necessary to

consider other modes in the cavity.

Finally, objective four was satisfied with the simple method that was

proposed to analyze the EMC. patch and develop the design procedures. The

planar waveguide method produced the results most closely to the

theoretically predicted results. The prediction of both the resonant

frequency and the resonant input resistance were in good estimations of the

experimental predictions. "I'he analysis produced results with a uniform

agreement with respect to both the return loss and input impedance. The

results obtained from the analysis were 12.0% higher resonant input

resistance, 0.3% upward shift of the resonant frequency and 1.86% larger

bandwidth than those of the experimental results. From the work done to

this point it is reasonable to conclude that the less theoretically rigorous

analysis does produce good estimates for the input impedance of an EMC

patch antenna. The input impedance curves produced from the plots of

input Impedance data have yielded good results when compared to the

experimentally derived curves. So, in the region from 3.5 to 4.5Ghz the

analysis of chapter four produces good results. As anticipated, the

discrepancy between the theoretical and the experimental values are very

close. Theoretical design curves were presented using the results obtained

from the planar waveguide theory.
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APPENDIX: EXPERIMENTAL PROCEDURES

A.1 Introduction

To verify the theoretical methods undertaken in this thesis, t e

experimental data were collected by using the HP 8510B vector netwo k

analyzer. The HP 8510B network analyzer system is an advanced

sophisticated measurement instrument designed to make microwa e

measurements of any kinds [33]. But the basic principles to its operation

fairly simple. The system measures the magnitude and pha e

characteristics of networks and components such as filters, amplifie ,

attenuators, andantennas. The information in this appendix provides wi

the basic measurement procedures of input impedance and return loss

an EMC patch antenna using the HP· 8510B network analyzer.

A.2 Basic NetworkMeasurements

With the network analyzer, two kinds of measurements are mad :

reflection measurements and transmission measurements [34].

incident signal generated by an RF source controlled by the HP 8510B s

applied to the test device and compared with the signal reflected from

device input or transmitted through it as shown in figure-A.l.
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. TRANSMISSION REFLECTION

Figure-A.l Transmission and reflection from a test network (from [33])

Retlection measurements are made by comparing the retlecte

·signal to the incident signal. The results in measurement data on refleetio

characteristics of the device are in the following formats:

· Return loss,

· StandingWave Ratio,

· Reflection Coefficient, and

· Impedance.

The return loss and input impedance measurements of the EM

patch antenna were used in this thesis.



-101-

a) B(J,8ic principle of the HP 8510B Network Analyzer

The HP 8510B network analyzer is a fully integrated vector netwo k

analyzer [34] which includes four essential parts:

· a source,

· a test set,

· a signal detector and analog-to-digital converter, and

· a digital microprocessor and display.

The source provides the RF signal. The test set separates this si

into an incident signal sent to the device-under-test and a reference si

against which the transmitted and reflected signals are later compared.

.

also receives transmitted and retlected signals from the device-under-tea .

The signal detector and analog-to-digital converter takes all of these sign s

and converts them to digital information for high-speed processing.· T e

digital microprocessor controls the system, analyzes the digitized signal ,

correct errors, and display the results in a variety of formats.

In the HP 8510B network analyzer system, the essential parts

individual HP instruments together to make up the HP 8510 system. Sho

in figure-A.2,'it is a packaged as four major instruments [34]:

· HP 8510B Display/Processor

· HP 8510B IF detector

· HP 851X - series test set
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. HP 834X - series synchronized sweeper or .

. HP 835X - series sweep oscillator with an appropriate HP 835 -

series. plug-in.

HP 85101&
DISPLAY/PROCeSSOR

•
C2 0000

m: 0 0000
0000

• 0000
a 00 c:::3 c:::3

HP834x-seRles
SYNTHeSiZeD sweepeR

HP 851028
IF DETeCTOR

- .....

66 00 00 00 00
00 00 00 00

0000 0 c;; a 0

&:h 0000 c:x:x::I c:::3

- -

HP 851X -SeR I es
TeST seT

- ......

e·

@)O o@)
c

- -

• •• .t. ••••• 0 00 0000
t;:'t;:'t;:' lOJ.o0t;:'0 0 00 0000
000 ° 000 00 000.0
ooca:o aa 00 oa 0000

.0 0 0 0 0 aaa aaaaa 0

OR

HP835x-seRles
sweep OSCILLATOR
WI RF PLUG-I N

.I ......

_ ClCC:I -

g6�QOQ .� §II
o·

0c:!:I6cS
•• ccc aaa aa

ca. aaaa aaa _u o. ·0
- -

Figure-A.2 HP 8510 network analyzer system (from [33])

Additional system components can be included hardcopy outp t

devices such as a printer and/or a plotter, and a disc unit. These peripher
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devices are controlled directly by the HP 8510 system. The data of the E

patch antenna were taken from printer and plotter..

ASExperimentalSetupandDataCollection

Figure-A.3 illustrates a complete experimental

measurements of the input impedance and the return loss of an EMC pa

antenna. The test device is the EMC patch antenna which is connected wi
the HP 851X test set via port#l. The CRT display was a Smith chart plot
the input impedance of the EMC patch antenna under test. The plotter an

the line printer were collecting data into two different formats.

__
.11 •• DD aa
.a .a a., DD

-�..,.., t. rr-:

Figure-A.3 An experimental setup of the EMC· patch antenn

measurement using the HP 8510B .network analyzer. Th

patch under test is shown in the
.

bottom right portion of th

picture
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a) Input Impedance 'Data

Shown in figmte-A.4 is a Smith. chart plot normaUzed to a 500 inp t

impedance obtained from the plotter for a patch of length 2.22em, wid
2.00cm and feed inset 1.11cm. The frequency range was selected fro

3.75Ghz to 4.75Ghz. Marker 1 points at the input impedance reading of e

EMC patch antenna at 4�27Ghz. The input impedance at 4.27Ghz w s

84.344 + j18.332 ohms. The line printer output of the same is shown in

following page.

b) Return Loss Data

In figure-A.5 the return loss plot in log magnitude is shown for a

patch of length 2.22cm, width 1.00cm at a feed inset 1.11cm. The frequen

range used was from 4.00Ghz to 5.00Ghz. Marker 1 shows the return 10' S

reading of the EMC patch 'antenna at 4.35Ghz. The return loss obtained w

-11.051dB. The line printer output for the same is given in the folIo
.

page.

Data for other patches and/or at different feed insets of the s

patch were taken using the same measurement procedures.
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Figure-A.4 A Smith chart plot of the input impedance of an EMC patch
.

antenna of length 2.22cm, width 2.00cm at a feed inset of

1.11cm obtained from the plotter by using the. HP 8510B

network Analyzer
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Liueprinteroutputoftbe hiput bD:�IaJM:�' dataofanDie patchantenna
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Figure-A.S A log magnitude plot of the return loss of an EMC patch

antenna of length 2.22em., width 2.00cm at a feed inset of

1.11em. obtained from the plotter by using the HP 8510B

network Analyzer
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Line printer output oftha retum Joss ofanEMC patch anteuna ofJeDgth
2.22cm,width 2.00cm at a feed iDsetof L11em obtainedby usiDgtbeUP
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