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ABSTRACT

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 paich 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
cox;lﬂicﬁng 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 mcorporated
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 mput impedance of an EMC
microstrip antenna
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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 of microstrip antennas are in
biomedical radiators, Doppler or other portable radars, radio altimeters,

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

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

their common feature is that they basically consist of fonr narts:
a) a very thin flat metallic region often called the patch;
b)a di&ectric substrate;
¢) 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

Substrate

Ground
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 (e, ~ 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
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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
efficient feed mechanism. There are various types of feed mechanisms for
microstrip patch antennas. The feed mechanisms can be classified into
three broad categories [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 matck:ng is accomplished by
varying the location of the feed-patch conhection point.




 Patch Radiator " Patch Radiator
Feed Line - 7

Feed Line

WD

« ‘s\

s>

Edge Feed ~ Inset Feed

(a) Microstrip Line Feeds

Paich Radiator

(b) Inset Coaxial Feed

Figure-1.2 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
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which is at a lower voltage than that at the edge. An impedance
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. Modification of direct contact feeds provides two examples of
proximitj 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 conirolling the amount of power 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 uﬁwanted 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 féed configuration under the patch. [7]. Choice of different dielectric
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substrates for the patch elements and the feed lines offers an added
advantage {8).

P .
Feed Line atch RTdiator Patch Radiator

Upper
Substrate

Feed Line

O T T T

B
T W T, T W T TR W TR TR Y

T W N T T W WU, R

C - Lower
Ground Plane apacitive gap Ground Plane  Substrate
(a) Palanar feed with capacitive gap " (b) Double layer EMC feed

Patch Radiator
' | Gap

_ DN DN
AR

Coaxial Line o < N'\ Coaxial Line
Outer Conductor

(c) EMC coaxial probe feed-

Figure-1.3 Proximity feed configuration
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In the caae of coaxial probe modification, the probe feed does not have
to connect vnth. the patch in order to couple energy to it, as shown in figure
1.3(c). i

c) Aperture codpled feeds

Apert a coupling provides a méthod which also allows the use of
different sub;s tes for the patch and the active circuitry [9,10]. The feed
aded on the bottom of the lower substrate. The substrates are
separated by ground plane which has an aperture cut into it to allow
gnetically to the patch which is on the upper substrate.

circuitry is pla

coupling el

Patch Radiator
Upper
Subsiraie

S N S N R N NN

Ground Plane

Lower
Substrate

Aperture Gap

F‘Léure-l 4 An aperture coupled antenna element

The mcnjased constructional complexity of the antenna is a problem
for this type of antenna. Shown in figure-1.4 is an example of an aperture

coupled rmcrostnp antenna element.




8-

12 Electromagnetically Coupled Lﬁcms&ippawhAmema

le layer proﬁmity fed antenna shown in figure-1.3(b) is
etically coupled (EMC) microstrip patch antenna in the

is type of antenna has many advantagéa over the direct
contact feds and the aperture coupled elements. The positive features of
EMC mic.rosﬁ-ip patch antennas are as follows:

1 spurirt:Es radiation due to the discontinuity from the feed network
can be reduced by decreasing the height and increasing the dielectric

constant pf the lower substrate;

2) patch

substrate];

3) good |
possible
different
4)it can |

5) higher

6) it is il
can be fal

bandwidth can be increased by using a thicker upper

iinpedance matching and maxzimum power transfer are
by varying the feed inset under the patch and by ‘using
dielectric layers with different thicknesses;

be made conformal like other microstrip antennas;
gain is possible by varying the feed and patch dimension;

mple in construction since patch antenna and feed network
pricated separately; and

7) the EMC patch antenna arrays are possible to design.
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Patch Radiator

Feed Line

Upper Substrate

Lower Substrate

Figure-1.5 An plectromugnetically coupled rectangular microstrip patch

antenna

The geometry of an EMC rectangular microstrip patch antenna is

shown in i 1.5. The structure iz composed of two-layer substrates. In
general substrates are of different thicknesses and permittivity. The lower
substrate is mpade thinner than the upper substrate, so that feed line
radiation pattetn will be less disturbed [11]. The upper substrate is made
thicker and has a low dielectric constant for high eﬂiciency and large
bandwidth [12,13]. However, both the substrates can be made of same
dielectric material with the same thickness. The microstrip feed line is
printed on the lpwer substrate with the bottom surface as the ground pléne.

The microstrip patch is printed on the upper substrate bonded to the feed
structure. The feed line is centered with respect to the patch width, and is




-10-

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

termed 'overlap

¥

'_in the literature [14].

1.3 Thesis Objectives

Due to
performance, tl
gained' ﬁhe a
formula, it is,
patch antenna)

its inherent simplicity in construction and better

ne EMC microstrip patch antenna has recently, therefore,

nat:ion of antenna researchers. To obtain a simplified design

erefore, worthwhile to undertake the study of an EMC
| The use of different types of substrates with different

thicknesses ar:jl embedded planar feed circuitry, gives the designer some
added flexibility.

In order |

coupling [15], i

to design a practical array antenna using electromagnetic
, i8 essential that the characteristics of a single elem{ant be

understood. Th‘F objectives of this thesis are to investigate theoreticaliy and

experimentally

the .electromagnetic coupling of a rectangular microstrip

patch antenng element for the general practical case of dissimilar

substrates in a

investigations

3.5 to 4.5 Ghz frequency range. The theoretical and pr#cﬁcﬂ
culminate in the production of design curves which will

allow the designer to determine the best antenna dimensions for a?given

input impedan

this, the input

e, as well as resonant frequency. In order to accorpplish

impedance over a range of frequencies for- diﬁ'erenti feed-

patch dimensions (patch dimensions with feed inset as a pﬁ‘ameter)! must

be determined.

i

S P
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i

: : |
to calculate the input impedance of an E?dc microstrip

patch ahtennq element different approaches are consid;bred. In each

approach, a ge

heralized transmission line model (except thb cavity modal

method) is developed. By using the circuit model, the mput impedance of
i 4
the patch radigtor seen by the feed line is determined. The electromagnetic

coupling of the

feed line and the patch radiator via dielectric substrates is

represented by|an ideal transformer. Knowing the input imi>edance of the

patch and the {

jurns ratio of the transfomier, the total inpuf;; impedance of

an EMC micrpstrip patch antenna can be obtained. Oxéme the input

impedance of the antenna is obtained, different charactenstlc parameters

such as resonant resistance, resonant frequency, rettfu'n loss, and

bandwidth can

The the

dimensions an

estimate it is t

e

data can be
method und

The spec]

1) An

microstri

¢ determined.

1
i
i

pry which follows allows one to determine the patch
i feed inset required to obtain a good match With this
lThe measured
to verify the theoretical developments. Propé)sed analytical

en in this thesis is simpler than the avaliabi_e method.

hen possible to design experimental samples.

fic objectives for the present research work a.rp as follows:

aifcal investigations of the characteristics' of the "EMC

patch antennas.

2') Deﬁelppment of an appropriate analytical t.echniq@e that can be

used to

antenna

predict the performances of an EMC micirostrip patch

accurately.
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3) Validification and comparison of different appmacHes undertaken
in thisE sis with respect to the performance of dlfferdnf. rectangular
patches ysing the same feed network.

4) Devel pment of design procedures for the EMC microstrip patch
antenna ptructure under consideration. %

l.4ThesnsOuHmes

In this dhapter different feed mechanisms of the miprostrip patch
antennas, and|the geometry of an EMC microstrip patch antenna are
presented. The thesm objectives have been outlined.

Three different methods used for the analysis of an EMC microstrip
patch antenna are : (1) Transmission line model, (2) Moda* expansion or
analysis and {3) Planar waveguids model.

r-2 characteristics of an EMC microstrip i:atch antenna
mission line model is analyzed. In this model the patch




chara
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undertake
been cHe
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antenna dimensions. Thé power radiated ahd the energy
cavity are formulated with the derived ﬁeltzis. Due to the
the antenna structure only TM;( mode is considered in the
input impedance is derived from the total corilplex power of

hapter-4 the planar waveguide model of an EMC microstrip

is proposed. The patch antenna is assuxiled to be an

pter-

en
in
ed.
tics

' planar waveguide in both directions. The soume is assumed

he sojurce is developed. The radiation effect of the patch antenna

by two radiation impedances terminated at bi.h ends of the
t

hit. The feed-patch transition is represented by an ideal

r :‘Id related circuitry. The input impedancelj of the EMC

antenna is then readily obtained from the clfcmt model.

begins with a comparison of the results deii:ermined from
| data and those obtained from the theore;t:ical analyses
is thesis. Thus the validity of the theoreticaj methods has

e comparison is also used to predict the; performance

f the EMC patch antenna in terms of return ;loss, resonant

input resistanice, the resonant frequency and bandwiﬂth. Finally,
: !

theore

planar ia

cl

egui

ter-§ contains the summary and conclusions.

ice design curves are produced using the results obtq‘ined from the

le model.




lines on] he patch and henec irom the two ends of the patch [17] The regmn
e patch edges and the ground plane at the two ends of the line
ed as radiating apertures much like slot antennas} Thus the low
mpeda!heel line can be thought of as being loaded at its two ends not by open
cu'cults[ but by high impedance loads. The load mpedance? is called the
radzatwn impedance of the aperture. Therel is also a mutual coupling
betweeﬂ the slots. To keep mathematics simple, the mutual qouphng is not
conmdei'ed in the analysis. _ :

. T!hg feed line supplies the radib frequency input power. The fringe
electric il':'ue ds at the truncated end of the feed line excites the I;atch radiator.
The feeﬂ- atch trarsition is represented by an ideal transformer in the -

circuit in del of an EMC patch antenna. The formulatlon of the mput
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charactprilstic parameters such as resonant frequency, bandwidth, input
resistarice at resonance, return loss can be found from the input impedance
data. | |

’l"rhe geometry of an EMC microstrip patch antenna is shown in
Eo :
figure-2Z.1.| The structure consists of two different dielectric substrate layers

on o over the other, The relative dielectric constants of the upper and
are e, and e4, and the thicknesses are h and d respectively.

The trunchated microstll'ip feed line is located at the interface of the two
&elecﬁc‘ bstrate layers. The width of the feed line is w, thé length is L of
which ci is|the feed inset under the patch radiator. The length of the patch
antennzr is a and the width is b. The feed line is centered with. respect to the
-patch ﬁﬁd th Thc’.i voltage beiween the feed line edge and the ground plane is
o voltage between the patch edge and the ground plane is Vos.
The fo. -=- one is the cause, which excites the patch radiator, called the
sod line voltage, and the later one is the effect, ilfldnced by the

former n, called secondary patch voltage as shown in ﬁgure 2.1(b). Since

ifaky source voltage and the secondary induced voltnge have, in
ferent values, the transition between the feed line and the patch

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

i, effect of the patch is incorporated into the equivalent transmission
he patch by two load impedances (radiation impedances) at both
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Upper .Substr.ate

LineY § ~

R
<

" .

Ground Plane Lower Substrate
- -
|| 2.1(a) Side-view 2.1(b) Front-view
Patch
E : Feed < 2 >|
: Line :
; b
- Upper
b Substrate
2.1(c) Top-view

Flgure-21¢ Geometry of an electromagnetically coupled microstrip antenna

line. The real part of the impedance is called:the radiation



- glots, and is thus related to the hon-propagating néar-ﬁelds [18].

- To ‘und'e‘ré and the radiation ‘mechanism of the patch Eradiator, the
] for the radiation resistance and the 'radiaﬁon';eactahcé are
r he following section the formulation for the radlainon resmtanoe .
| o] ved by using the electric vector potential method [19]

icrostrip radiator element may be treated as a iine resonator
transverse field variations [1]. The fields in the cavity yary aloﬁg the

h is usually a half-wavelength (A/2) long, and raihatmn occurs
the fringe electric fields at the open-cu'cmted ends. The
rad:atoﬂ y be represented as two slots spaced a dlstance a apart as

shown lh 2 2.2(a). The slot width is cons:dered to be (d+h) equal to the

substraﬁe ' 'ckness and its length i8 equal to b, the width oﬂ the radiating
patch as sl shbwn in fig.2.2(b). Thus the radiating slots, each has an area of
bx(d+hi ne electric field on the slot surface is cons:.dered to be the

secondah gource of radiation. Each slot radiates the same fields as a
:' pole and using the equivalence principle, the magnetlc surface
current at e aperture is gwen by ‘
- A A Vo A
M=?Exx n=2Exx ><y=2Exz=2mz,lzle/2_? 2.1)
i : : : A
where, h i the unit normal on the radiating slots and in the present case n
A o - . |
=y. Theifactor 2 arises due to the positive image of M over the ground plane,
and Voii_sf the effective voltage across the center of the slot which is
invarianit:ﬁth z-axis over its width.
o
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Fig. 2.2(5) Patch with two radiatiog slots
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Fringe electic field Ex

Fig.2. 2(c) Radiatmg slot geometry (Refer
to Ieﬂ slot Of Fig.2.2(b)

Figure- 2 2 Jdecrostnp antenna with (a) fringe electric field at patch edges,
(b) two radiating slots, (c) the slot geometry and coordmatés
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The tadlataon field at a distance r from the origin may

be calculated

by usmé the electric vector potential method An electric veptor potentlal

funci:lon1 gqrzerated by the source distribution (2.1) is found K

over the sotiroe (radiation slot) point and can be written as [20]

i
v H
P
'

}

B
Sl

k (d+h) k,
. ok r sin sinBcos¢) sin(—5— cosd)
Fy ’-"?Vob o K (d-u-h) Eb
P 3 sinBcosé 5~ cosd

where, k{om the propagation constant in free space and is given

I
The'raﬁiation electric field at a distance r from the ori
from (2r2)p The far field approximation will only give

eomponqnt pf the radiated electric field

k (d+h)

gk, T sin( sinfcos¢) sin(—3- cos6]

T

v mtggrahng

@2)

bykt,5 = —
is optained
¢-dfrected

k (d+h)
2

Con dermg the substrate thickness (d+h) is very sr

b

4nr
58 cost

sinfcosé

gind. (2.3)

hall (a small

fraction }of & wavelength), k o 2h <<1, the pattern expression becomes

k, b
-_]k r sm( c0s6)

E#"#vo

_ T$ d#termme the total radiation power from the slot the
the Poyﬁtl#g vector needs to integrate over a hemisphere of|

8ind .

nr cose

Since the slbt radiates only on one side the total power radiated
is then pbﬁhmed by integrating (2.4) over half the hemisphes

@4

magnjitude of
large Eradius.
from the slot

e on g;he slot




written as |

g n
- 1 V2 kb
Vo | sin2(—5cos8) 3
e
L e=0 o
or,
Ve
P =——I4,
where, | i
11 J sm2( cose)tan2esine de.

| -20-
|
L '
: |Eg|2.
| J—f]; r2 sin d6 dg,
)

where, 11 IB the free space wave impedance and is given by 1 =1
: Subslntutmg the value of E¢ from (2.4), the expression

0—0

(2.5)

207 Q.

for Pi' can be

2.6)

2.7

Smcé Vo is the voltage drop across the center of the slgt, a radiation

conduct#nqe may be defined as the conductance, placed across| the center of
the slot [2@], which will dissipate the same power as that rafdiated by the

slot,

|

(2.8)




i I -_2'1-‘

where, | Ri' is the radiation resistance. For b<< A’O’ where,

space wnv ength, the integration I can be approximated to give

d,# %2,

and thelcorrespondmg radiation resistance can be written as
! V 2 903.2
RL. =f 2P =—bz— forb <<2.0
Fm' a large patch width (b >> 10),

radlatmL eonductanee per unit length (mth the approximation
G 1x _1
ai o,

l is the free

(2.9

Harrington [21] gstimates the

kb << 1)

and the]ractmmon conductance for large patch of w1dth b can bg written as

(}11. for b>> 'A\.

2.10

The 'formulae for Gy may be replaced with good actluracy by the

follome tihree relations , depending on the value of b/A [6] :

Gh.ai-z- for b< 035)v
}902.0 '
b1 for 0.35A.<b< 2

Gh.afF 2.0-6&:2 or 0. k0< < 24
b

G =§ 12010 for b >210.

TPe above radiation conductance formula can be

(2.11a)

2.11b)

(2.11¢)

used as the

equlval¢nt conductance at the radlatmg edges of the rectangular patches

with oonmderable accuracy.
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222 Mmm Reactance

' The #'ectangular patch is oonsuiered to be a thin cavity with magnetic
walls mglts periphery [20]. The tangential magnetlc fields are gero along the
ﬁctitiouis n;iagnetic wall. The magnetic vjalls are taken slightly away from
the phylncal periphery to account for the stored energy in fringe fields
as show‘;n m fig.2.3(a). The stored energy is equivalent to a gusceptance at
the slotsg, r¢presented by a capacitor, due to the end effect of the patch and is
given by Bammerstad [22]. He gives an approxxmate extension length of Al

of an open mm‘ostrlp circuit

|
i
] 1
1o
I
i o

b
Eoqp +0.3 d+n + 0262

Al = 0.421(d+h) — , , (2.12)
e eoff <0258 Do, 0813

|
|

where, *eﬂ’ is the effective permittivity of the two-layer subptrates and is
given by‘ [6]

eoff | = 61'2 +e"2 1+ m(g*h)} vz (2.13)

er is?ithe relative dielectric constant of the two layer slxbstrates and

can be written as [21]
&= R r@<ch. (2.14)

—_——

¢h &
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circuit
]
\ ZL—> a
Zin
Fig.2.3(b) Transmission line equivalent
of extended length Al

N

Thﬂ equivalent susceptance which represents the en:
the exﬂen&ed length Al , can be approximated as the input a

open epdéd microstrip line of length Al as shown in fig.2.3(b) The line has
the ché,rabtenstac impedance (Z,) equal to that of the patch.

gy stored in

ittance of an

he expression

for Z,, of aupatch of width b over a substrate of thickness (d+h) i$ given by [6] -




& -1
2 +0441+0082‘—
2431' (d+h) &

" one,

{1 451 4 h(z(d mt 0.941)}) w,‘ b(d+h)>1.

(2.15)

For fhe open circuited extended length Al , the radiation susceptance

or wall sus?eptance [20] can be written as
JB t" Jﬂf ‘

where, ﬂ mithe propagation oonstant and givenby

.%A

Ii :
Camﬁmmg (2.11) and (2.16) the radiation admittance Yy

1tsopenpnﬂacanbewntbenas
Y =hz = G +JB

ﬁ'

(2.16)

(2.17)
of a patch at

(2.18)

where, the Tadmtlon impedance Z_ of the patch is the reclprocil of (2.18).

2.3 Modall Expamon of Feed Source

The pn#mry excitation coefficient of the antenna is consid
fringe eleci;nc field located between the truncated end of the
line and. thie ground plane. Since the distance between the fe
ground pldhe is very small (a small fraction of a wavelen,

compon&ntibf E is in the z-direction and copsidered to be
Thus the #-dlrected primary electric field! E,p in terms of

source vbltage Vgp can be written as |

red to be the

icrostrip feed

line and the
), the only

orm along z.

the primary



| VgpA | |
- q Z for w/2-0/2 <y<sw/2+h{2 0<z<d 0<x4ga
E'zpf (2.19)

; ' H 0  otherwise ‘

In lt e cavity model of a mlcrostnp antenna, the phtch and the
substra#e atmcture is considered to be'a thin resonant caflty, a region
between tH{e patch metalization and the ground plane, surrdunded by the
magnetlic whalls around the edge of the patch [8]. Both the patch and the

ground plape are assumed to be electric walls (the electric conductors). The
prunary elictnc field Egzp excites all the interior TE modes [in the cavity.

This ﬁeld usmg appropriate boundary conditions, can be expressed as a
Fourier suﬁes expansion [21] as follows |

o \
Ezmp EEEM cos( 3 )cos(gf;) ) (2.20)

| ‘mn

where,%"E.,-E,,n are the mode amplitude coefficients of z-dirgcted electric

fields n!u)c?e vectors. In order to détermine the coeffigients Epmp,

muluplymg both sides of (2.20) by cos( b ) cos(;lf;) and infegrating over

the cross-dectlon of the patch yields
b
r(d-l-h)

IEZP cos(’ b ) cos(gf;; dz dy

o M b
i (d+h) _
= Eqj fms2( b cos2(7, ) dz dy. @21
b z=0 g
| y=0

Substitution for the value of E;p, from (2.19) yields




L b2ews2

V'i

£ Icos( B2) cos(g, 1) dady
: z=0
y= W/2
0 P

= Enin Jmsz( ) cos2(:;f;) dz dy.
| =

(2.22)

Simc; the substrate is electrically thin (a small fraction of a
} ), the dominant mode that excites in it is considerad to be TEqq

(to y) m dl only. The excitation coefficient Egg (to y) for the dgminant TEqq

mode w ‘;abegwenby

\ i,%;
Lix wd = Egg b(d+h),

or,
w

Vop b(d+h) °

(2.23)

(2.24)

The secondary voltage between the patch and the ground plane

assouated mth the dominant mode at the location x=c is given by

or, 3 ‘;}

Vag !l w

—ﬁf= — .
b

V(I ‘

V.,,_;l = Ego x @h) = V ¥},

(2.25)

(2.26)

ition will

:l;lle %atio of the secondary voltage to the primary voliaﬁ:n:presents.
the

|
i
!

ii:gon of the feed source and the patch radiator. The
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i
1
o
b
o
i
i
l

~ be viewediias an ideal tranaformer in the circuit model as if the power

supplied
the ideal ;

as

by the feed to the patch is totally radiated. Thus the turns ratio of
transformer representing the feed-patch transition can be written
l .
II

* 227

=:'I8

ZACmuitModel

mia‘ov':t;

H general approach for obtaim‘ng the input impedance of a

’ device is to analyze the same from a circuit point of view and

develop am .equivalent circuit model [23]. The same is true for a microstrip

antenna,

Ip the transmission line model of the patch element, the patch is

' h microstrip transmission line: with radiation slots at both ends.
_ are eqmvalent to a load impedance (admittance) which is called

the radi tion impedance (admittance) of the patch antenna. The radiation
imped. cé' (admittance) formula is presented m equation (2.18). The
equival t mrcmt model of the patch radmtor can therefore be illustrated by

two ra ah.mn impedances separated by a transmission line of low
unpedance[ as shown in figure-2.4. The characteristic impedance of the line
is the s as the characteristic mpedance of the patch element given in

cé 15)
The ;remmmng task is to couple the feed line source with the ex:shng

equation

circuit oﬁel of the patch radiator shown in figure-2.4(a). The primary
source i $ lateral magnetic surface current source (preclsely speaking a
magnetl lﬂne current source, since the spacing between the feed line and

ground lahe is very small) at x=c. For the lateral magnetic current souroe, ‘




| Ie a - >
Zl' l- ZO

2.4(a) Equivalent circuit of a patch element

i
’ 2.4(b) Equivéllent circuit of an EMC patch antenna
| | |

HM&2.4 \.Equivél$nt circuit model of an EMC patch antenna

I - - -3 A
the transverse electric ﬁblds are dlscontmuous M = (E1-E9) x n] across

~ the source l24] The sourbe is thus equivalent to a voltage generator at x=c
connected -;m series v;tnan ideal transformer with the equivalent

: in figure-2.4(b). The éoltag’e drop of the line
across the source is repriesented by a secondary voltage Vog. The primary

tran.sm:issiéén line as sh

voltage is the feed. line :voltage Vop [see figure-2.1(c)]. The ratio of the
voltages is ;tlerived in the preceding section and is given in equation (2.27).




S 2

The ratio 1$ the turns ratio (n) of the ideal transformer representmg the
feed-patch ﬂ:ransmon ,

The irmpedances Z, and Zy in the circuit model in figure 2.4(b), are
the input lmpedances of the transmission line sections of length ¢ and (a-c)
respectlvelyf where,

. 2y +jZ tan(Be) |
=7 : , . (229
1 =0 2, + Zytan(po
and, .
E +iZ. tan - .
Zy =F, Tt i, e | | (2.29)

0 Zy +§Zy tan{fla-c)}

Both:ithg line sections are terminated by the radiation impedance Z,.
The mput impedance of the equivalent circuit with series voltage

source Vos T:an be written as

!
1

Zin=Z1+ Zy, (2.30)
and the inéut impedance seen by the primary feed line is obtained dividing
(2.30) by scfuare of turns ratio, n? as follows

|
= Zn;- (2.31)
I n .

where, -n'iajl; the turns ratio given by (2.27). The input impedance of the
electromagi_!net:ically coupled mjcrostrip_patch antenna at the feed point is
obtained bq'v transforming the input impedance given in equation (2.31)
through thé low impedance transmission line (feed line) of length L. The
requiredéxbression fof the input impedance of the EMC micrdstrip patch
antenna can be written as |
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7 +j ZgtanBd)
= Z¢ ,
Ze+j Zﬁ‘tan(BfL) |
where, Zg is the characteristic impedance of the feed line and Py is the

Zf,’,’tfm (2.32)

propagatioi:jt constant of the feed line.

25 Conclusion

The ‘transmission line model is presented to determine the input
mpedance of an electromagnetlcally coupled microstrip patch antenna
‘over two-lajer substrates. The advantage of this model lies in its simplicity,
that me the input impedance is glven by the simple formula (2.32). By
using (2. 32) a program can be written to give the input impedance for a
given set of design parameters (i.e. patch dimensions, freqnency, feed
length and feed inset). From the input impedance data other performance
charactenspcs such as resonant frequency, bandwidth, input resistance at
resonant, aLd return loss of the antenna can be determined.

Although this model is simple conceptually and computationally, it
has some. hnntatlons [25]. These are:

1) the method is useful for rectangular patch only,
(ii)‘tlijte method cannot be applied to higher order modes, and
(m)t.he mutual coupling between the radiating slots is ignored.

In the next chapter a more versatile method is presented to analyze
an EMC microst;np patch antenna.



3. CAVITY MODAL ANALYSIS
8.1 Inuodhchon

In the preceding chapter an electromag‘netlcally coupled (EMC)‘
rectangular microstrip patch antenna on two-layered substrates was
analyzed tlsmg the transmission line model. However, the method has
some lmtatmns A more accurate and versatile method should be invoked

to analyze @e EMC _lmcrosmp patches.

In this_ichapter the cavity modal analysis is presented for an EMC
microstrii) ;iaatch. In this method, the microstrip patch is viewed as a thin
cavity, supi%:orting only the TMz-mode, with magpeﬁc walls at its periphery
and electri@i:_wallsi at the top and at the bottom. The tangential magnetic
field is -zerib along the fictitious magnetic wall. Similarly, the tangential
electric ﬁe]d is zero aiong the electric wall. The electric fields inside the
cavity is e:xpressed as a summation of orthogonal eigenfunctions in an
analogousli manner of the modal expansion techniques [26]. Each
,elgenﬁmctlon corresponds to a cavity resonant mode and the correspondmg
eigenvalue is associated with the resonant frequency of the particular

mode. :
I

The feed line source excites the fields inside the patch cavity. The
source canl be attnbuted through Huygens’ principle, to an equivalent
magnetic surfacel current source. The Helmholtz equation with the source
term is sol\ﬁed to Qalculate the fields in the cavity. '



. 82

32 Cav:ty Model of Microstrip Patch

When an osclllatmg current is m}ected into a microstrip element a
charge d:sttlbutmp is established [2] on the surface of the ground plane and
on the two: Lurfaces (upper and lower) of the patch as illustrated in figure-
3.1(a). There are two opposing tendencles which shape this charge
dlstnbutlon (1) There is an attractive tendency between the opposite
charges at correebondmg points on the lower side of the patch and on the
ground plane Th:s attraction tends to keep the patch charge concentrated
on the bott?m surface of the patch. (2) However, there is also. a repulsive
tendency\b:(ietweexix like charges on the bcttom of the patch. This tends to
push some %pf the charge around the edge of the patch onto its top surface.
When the éﬁlement is very thin (which is the usual case) the first tendency
dominates and almost all the charge on the patch resides on its bottom side.

Correspondjngly, most of the current ﬂows on the lower side of the patch
with only arsmall -amount of current flowing around the edge onto its upper
surface. Spccxﬁcally, the components of the magnetic field tangential to the
patch edge is amall although not exactly zero. Were it precisely zero one
could mtroduce a perfect magnetic conductor in the plane between the
patch and the ground plane without effecting the fields under the patch.
The 1ntroductlon of such a magnetic wall will distort the shape of the
magnetlc ﬁleld dlatnbutmn This distortion is negligible if the element is
thin. Thus 'to ﬁnd the shape of the magnetic field distribution under the
patch, one. can replace the antenna by an ideal cavity as ﬂlustrated in
figure-3. l(b) Of course, from the magnetic field distribution the
conesponthhg electric field distribution can also be found.
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Figure-3.1 dg}avity émodel of a typical rectangular micrastrip patch antenna




3.3 Modal Expansion Method

‘ In this method a patch is considered to be a thin rectangular cavity
resonator. To deﬁve expressions for the fields inside the resonator, the

following Mﬁom {27] are made:

i) th+ small thickness of the dielectric su strate between the
mlcrostnp conductor and the ground plane suggests that only the z-
comp?nent gf the electric field E, and the x- and y-components of the
magn;btic fields H [see figure-3.1(b)] exist in the region bounded by the
microstrip ﬂatch and the ground plane, |

ii) the fields in the region do not depend on the z-coordinate for all

ﬁ'equéncies of interest,

iii) tlfie eleeét:‘ic current in the microstrip conductor does not have
comp;jbnents?normal to the patch edge at any point on the edge, which
nnphas a négligible tangential component of H hong the edge.

In or}ier to account for the fringing fields, the magnetic wall is
placed s]ighj;ly away from the periphery (see figure-2.3).

3.3.1 The Helmholtz Equation with Source

The t;’hvity is assumed to bé lossless with a perfect magnetic wall in
its penphery The: -assumption is equally applicable to|a microstrip feed line
that can be: thought of as a small waveguide into the large patch cavity (see
figure-3.2). ,{I‘he fe_ed source in the patch pavxty may be modeled,_ by using
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Huygens’ pi’inciple by a strip of y-directed magnetic v
X 3) backTed by a magnetic wall at x=c, between the
the ground ;plane In the ideal case, the feed source

' e
nlumecurrent(M=E
of the feed line and
be assumed to be a -

uniform current ribbon of constant current ﬁ) Fringing of the feed line

field (E,) mﬂwates that the width of the current rib

is the effective width

of the feed i.me Thus it is assumed that the cavity is excited by a surface

current source located at x = ¢ as shown in figure-3.2}

can be expréssed in terms of feed line field
=a xXn I x=C

E};&(x-c) y for b/2-w/2 <y sb/2+w/2, 0 <z <d, (

0, otherwise

where, 3is Ithe Dn'ac-delta function of x at x=c¢ and n

The above excitation

)<x <a :
3.1)

y

is the unit normal on

the magneﬁc wall between the edge of the feed line
uniform z-dlrect.ed electric field between the spacein

~ the ground ane is given by
|

[Eqz for b/2-w/2 <y <b/2+w/2,0 <2 <d0 s

0 otherwise

Maxwell's equations for the magnetic current s

as follows |
; -
V X ﬁ =juek ,

Vxﬁ

dEd ground plane. The

of the feed line and

L.X S.a '
3.2)

purce only (3) =0) are

(3.3)

3.4y
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The dlectric field in terms of electric vector potential can be written as
o 3 o '
E=-:;Vx F. - (@3.b)

Operatmg a curl on both sides of equation (3.5) ?nd subsﬁwﬁng.for the
same into eguation (3.4) yields | :
?xﬁ) =-(?>< V)x“l?) = -(ﬁ+j mufl) ),
or, |

V. H-VF = M+jmiH. 36)

: -
Equating (3.3) and (3.5) yields the expression for -]:3) in terms of H

) 2.3 | |
C BLVxF =22 Y

and taking+ﬂ'th'e curl from both sides of (3.7) yields
T B 3.8
¥ - VWi | 69

o
where, y_ is the scalar magnetic potential.

From equation (3.8) the magnetic field can be written as

-_I-I)éijme(?\pm-l--f')). . (3.9

Subsﬁmﬁng for this expression of ﬁ into (3.6) yields

SN 5
V. F)-VF = Me dueVy + F). (8.10)
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Patch Cavity

z - Feed line Cavity

gu:rle-32 Cavity representation of the patch and the feed line
A
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condition, IJsmg the condition in equation (3.10) yields
o o = |
- V-ZE =M +o2ueF,

or,

8.

Let oﬁ;e?vm = ?(.V_').?) {18], which is known as the Lorentz

11)

where, kzziioﬂuz is the propagation constant in the cavity. This equation is

known as the inhomogeneous Helmholtz equation. This wave equzition of the

electric vector potentnal -F due to the feed source

equation t.hpt determines the modal fields inside the cavity.
g

Wheri a microstrip patch is fed by a microstrip transmiﬁsion

many modal waves are produced in general [27). The
the ca\nty

JO g um*erstood) given by equation (3.11). Since M has only y-di

' component,,'

directed component and the expression in (3.11) is s

vZr, J:k%‘ = - My
Expriession (3.12) is the required wave equatiol
. cavity modé eigenfunction will be determined with the

ﬁ is the governing

ave equation for

line,

—>
F in

= A
th excitation current M = E, 8(x-c) y is (a time dependance of

cted

e vector electric potential expressed in (3.11) also has onl,j# ay-

lified to

h of cavity source

wave equation.

&

12)

The




-39-

3.3.2ModalExpansmnoftheCavntyFie]ds

The ?awty model of a patch antenna consists of two electnc walls
separated lry a magnetic wall around its periphery (see figure-3.1). The
radiation p?ttem, input impedance and rad;ated po

traverse tolz-dlrectmn The cavity is coupled to th rmcrostnp feed line
through a w magnetic wall containing an

wn field component
(Ez) at the end of the feed line. Because of the resulti

équivalent magnetic
-
current: M'Las only the y component, a field expansion TE to the y-direction
will be used In terms of magnetic and electric vector potentials, the
homogeneo@;'s vector Helmholtz equations are: .
Y PR | ' |
v2a ‘» K2 A =0, - (3.13)
2 9o |
VF 4k F=-0, (@14
where, k = (L ME, e =g, & pand e 4 is the effective diglectric constant of the
substrate given in (2.13).
For the TE to ymodes, A =0 and?=9 Fy, whezgr\ i8 a unit vector in

the y-dire I'on and F is the magnitude of the electric vector potential

expressed nT (3.14). The E and H fields are determined from
'ﬁ 1V xF, . (35)

and,




t .

- S - — -
H = Jjoc F +531u_ V(V.F. (315

Solving fox equations (3.5) and (3.15) yields the field components -

oF { ¥F |
Ex‘-‘.:az ) H, = E ﬁ, (3.16)
| 32 \ j-
=0, =< v AF @I
: oF,,. 1 2F o
E,=|32, Hy= o 3 - | @18

The modal fields in the cavity must satisfy the wave equation (3.14)
and the foll;(;:wing boundary conditions [29):

Hx=i} aty=0 andy=bh, o ' (3.19)
Hy=T atx=0 andx=a, -. : (3.20)
JdE, i JdE '
Bx—z(l!=0)= —a-x—z(xm)=0, © (321
E,

A solijhtion to the wave equation can be found by choosing [30]
o _

Fy =i (A; sink % + By cosk, x) (Aysinkyy + Bycbskyy)

| % (Asink,z + B,cosk,z) , o (329)

and,

S S - | e
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The ‘nknowns in (3.23) can be found by applying the;boundary
conditions.-fg The boundary conditions require that thF

tangentiai magnetic

field compgnents must be zero on the side walls (magnetic walls) and the
tangenual lectric field components must be zero T the top and bott.om

walls (el
fraction :o: a wavelength) the field componentsl

ic walls). Since the depth of the cavity is very small (a small

can be considered

independeit of 2 [27]. Considering the z-independency of the field

oomponentﬁ in equations (3.16) - (3.18) become

o°F
= 1 7y
Ex -P, HX_ Jmu axays
—o —L[iw 1F,,
Ey'_:-’ : Hy jooj ayz
LBF
E = ax » Hz=0.

Solving fgr Hy and H yields
H:;{;%(Axmkxx-Bx-sinkxmywskyyq

and

_ jk2-k§
Hy=;-~1—m"— A;sinkx+B, ooskxx)(Aysinky

(3.25)
(3.17

(3.26)

By sin k'y y): , (327

y + By cos kyy). (3.28)
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The 1i gunetic fields inside the cavity must

satisfy the boundary

conditions i (3.19) and (3.20). Applying the boundary conditions into (3.27)

yields |
atyQiO, H =0 - Ay=0;
aty;;b, H =0 — sin(kyb)=0;
ky?;‘[%), | n = 0,1,2, .ccoovrererenn . (3.29)
ApﬂW the same boundary conditions into (3.28)A yields
atx=;!0; Hy--O  — B,=0;
atx:ia; Hy=0 —_— gsin(k_a)= 0;
kfi GO, m = 0,1,2, 3w (3.50)
Equaé;ion (3.23l) can ﬁow be reduced to
F, .-..r AB, sin €5 eosCpD) = Fyyp sin g )08, G

where, an = AxBy are orthogonal mode amplitu
must be determmed The dominant mode of the cavi

equation: (3.;;'!4) as follows

konn = \/f%z + ()%,

|
S
~ and, -

1 mxg2 DNDR2
“’mn-;"‘\mB G +&G)

de coefficients which

ty can be found from

. (3.32a)

(3.32b)
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For|_+= 1,n=0,m10willbe the dominant m
for a patch df:avity of length a = A/2.

y u
der to find the modal expansion of the fields inside the cavity due

tothema:eticcurrentﬁ at the edge of the feed i

resonant frequency

e, an eigenfunction
. t the electric fields
inside the cavity could be expressed as a Fourier series expansion [21] as

follows: 'i

(3.33)

The 4lectr‘ic field inside the cavity must satisfy the wave equation
(3.11) and the cavity wall boundary conditions given in equations (3.21) and
(3.-22).' An Et;pigenfuncition expansion of the eleptxic ector potential Fy in
(3.31) can be written as R

Fmn sinc o )cos( 50, ' @3

i :
where, len are the mode amplitude coefficients [of the electric vector
potential inéide the cavity. |

directed ele

i _ A
Substitution for Fy from equation (3.34) into equation (3.33), the z-
ic field component inside the cavity can be written as

Ez =[ D Fnn30 cos 07 cos P,  @3%)
| mn |

To delkermmethe field components, the factor ﬁmn must be found. By
substitutionfor Fy from equation (3.34) into equation (3.12) yields -




{ 3 . Jarx nxy
Fm[;xj{ sm ) cos(~ ) +
l

2 g : |
By2 o JeosCPN + klsine 2 Scos( ]

=.-j' My - (3.38)

Substjtution for the value of My, from (3.1) into (3.36) yields

3 Fan (€ k) sin T c0s )

mn !

{ Edﬁ(x-c) y for b/2-w2 <y <b/2+w/2,0<z<d,/0sx<a 3.37)

0 l otherwise

where, kpn f,s the Tan modes eigenvalue given in (3.32a).
J

| _ .
Multiplying both sides of (3.37) by sin (—; )cos("3>) and integrating

over the enh.re patch cavity 0 Sx<aand 0 Sy <b 0 <z <(d+h), (for a
particular q;m-mode) yields
: a b

) 2 mux 2 nry {d+h)
an(:Fx ~kmp)  [sin (5 )dx feos (TMy sz
B x=0 y=0 To
' e b2+w2
=-E°%‘? J'S(x-c) sm( )dx cos(—)dy jdzs
x=0 -w/2

or,
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d sin(—3 Jsin(zg ) cos(5)

F ‘f|= -8E ,
T aldel) o2 K2 e e

where, e, ﬁ given by
2 forn=0
“n =ql, for nw 0

@339

The electric vector potential is obtained by substituting for (3.38) into

equation (3.}34) as

Fy E, ra(d+h) X

mxc,

; 'Zsin( ) sin(= % )cos( )sm( leod( b 208

. ;nn n( kz- kmn ey, €y

(3.39)

M fields inside the patch cavity are then reardxly obtained by using

equation (3,}39) into equations (3.35) and (3.17), where

I d
E,= 18K ra(d+h) %

sin( Dsin(gp ) cos() o

mxx

5 2 (“'—)cos(
(I K ey

)cos(ngy),

(3.40)



jmn n(kz'kmn)em“’n

I sin( Dsintg )cos( T .
Y 22 0212 einEeos(pD. (84D

Tﬁe determination of the fields inside the patch cavity m now

completed here. Using these fields, the stored power ingide the cavity and

the radiated power out from the cavity can be found, From the total powar'

inside the éa\nty the input impedance is formulated.

dominant thode which is TM1g (m = 1, n = 0) mode i

34 Inpu'm: tlmpeaance of TM;¢ Cavity Mode

Theif'emalmng task is to solve for the input impedance for the
mn!;:le the patch cavity [2].

The: Pelds in the patch cavity for the particular dommant mode are

found to ddbermme the input impedance of the patch |antenna. Startmg with
the expres?on for the electric vector potential Fy in ehuat:on (334)form=1

andn=0 aJt TMm dominant cavity mode one obtains:

Fy ’iFIO sin (‘;‘").

equation (3.32) becomes

m
k10 Y

1%
('Jm’f WIFE (a)'

(3.42)

The | dominant mode eigenvalue and the resonant fréquency in

(3.43a5

(3.43b)
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Suberltutmg for equation(3.42) into equation (3. 37) yields

Flo[kz -G sin &)

_{ Euﬁ(x-c); for b/2-w/2 <y <b/2+w/2,0 < z Sd;,O <x<a ' (B.44)

i
i

0 otherwise

Mumplymg both sides of (3.44) with sin(>)) a.n.d integrating over the

entire patCh cavity yields i

I

a b (d+h)

]E"m[¥2 (a)zj Ism G dx jdy sz

- X=0

: W2+w/2. 4
=-E, f&x-c) sin (—") dx dy .[ dz,
o y=b/2-w/2 z=0

or,

. wd sin(3) | .
Fiod -2, —.  (345)
y ab(d+h) (k2-()2)

From the vector electric potential in equation (3.41) the electrib field

inside the epmty can be found by using equation (3. 5).: The z-d;rected electric
field inside p;he cavity for TM10 mode can be written as

i

; _ _ dFy
Ez : ‘Elo*'ax

L= Fi @) cosC. | g (346)
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The thagnetic field in the patch mﬁty can be found by usmg equation
(3.17) (where 3/9y = 0), and for the dominant mode can be written as

Hy =-joeFyqsin€). 347

Givex;n the inside field components in equations (3.46) and (3.47) the
complex potfer inside the cavity and the radiation real power are found. The
total powei supplied by the magnetic current source is the summation of
these two qowers From the total power the mput impedance of the EMC
patch antenpa is formulated.

The s?ored power into the cavity is given by [21]:
i
* . 2
Py= | [H M dv =- jooeB,
v

wd sin (%E)

Ab(d+h)E2-G))

i (b+w)/2 d
; I 8(x-c) sm("‘) dx J I dz

or, l
gi w2d? sin?(2)

= bszoz - | (3.48)
ab(d+h)(k2-()%) |

where, Myus the magnetic current at the feed end given in equation (3.1).
The above eguatlon gives the power for the partic:ilar dominant mode and in
the present pase it is imaginary.
1
-
,;
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1

t

|
.

TM,, mod 'i the variation of Ez along y-axis is constant and along' x-axis is,
sinusoidal. n this mode the magnetic currents on two opposite:edgés are
conﬁtant [2]. These edges are called the radiation edges. The magnetic
currents on‘: the remaining two edges suffer a phase reversal and;hence the
fields radia; d by them largely cancel. The fields at the radiatioh:edges at

x=0 and x = a can be written as

Ez(“?) = -Fyo (5, | (3.49)
and, l

Ez(xﬁ) = Fio®. @50

Thd ﬁ:ltage drop across the radiation edges can be written as

vo(x=m = (d+h)E,(x=0), | . (351)
and, |

Volket) = (@+h)E,(x=a). - @52)

Thb tal radiated power from the two edges is derived in equation

1} now be written as

Pt
P
L I
3T
i
[
;o
1
i
I
(-
I3
i



Aed 2 f
(E‘-) sin2H —L— (353)

B a2( kz-(a)zl
s
Totl;ml.u)ower supplied by the source for the dominant TM;, mode is the

35

]%d

| o
The imput admittance, as seen by the feed line at its end, in the f[patch

ﬂandcs 53)

&.+Ps

2s1n()

a2( k2-(a)21

cavity is :
By
Yi0* a2
0
P smz(—) |
=£(%) - o ld- J"\’_(d h) azlkz-(a)2}] (3.55)
L a20c (a)2} |
! I i
B o
Thé 1irinput impedance is the reciprocal of equatlon (3.55) and is gwen
bl
by ]
|
i : 1 1
Z,0= (3.56)
105 ?{10 |
The ;;quation (3.56) is the required expression for the i‘nput
mpedance the electromagnetically coupled microstrip patch antenqa for
the domii at TM,, cavity mode. By using transmission line equatl?n in
(2.32), t forming the above impedance through the low Mpeqance
|
|
|
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line (feed line) the input impedance; as seen at the feed point
, will be obtained. '

' magnetically coupled microstrip patch antenna: has been

analyzedl ing cavity modal theory. The dominant mode into the resonant
patch cavit; is the TM,, mode. The total power supplied by the feed line is

'l:z'on of the radiation power dut from the patch cavii:y and the
d- power in the cavity. By using the total power supphed by the
magnetlc cip'rent source, the input impedance seen by the feed line is
formulatéd in equations (3.55) and (3.56). A computer program is written
with the ressions in equations (3.55) and (3.56) to calculate the input
mpedanc;é Ifor different frequencies and patch dimensions. The other

characte, ,_1$c parameters are also found from the input impedance-data.
The resul! Ivnll be shown in chapter-5.

Althi
model in goometncal aspect and is also applicable to other geometries, it
suffers frbmH the following limitations [25]:

gh this method is versatile compared to the transrﬁission line

(1)|The model is valid for thin dielectric substrate only.

2) ‘EliZe model cannot include the effect of the mutual ooupiix_lg on the
apm'ppre fields when there are more than one radiating apérture.

3) 'l;lie cavity model gives the field distributions compared to that of

: sng waves. The sta.ndmg wave distribution occurs in case of
h

resoijant type patches (a = A/2). In the case of a ﬂveﬂxng wave
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m » the field distribution is of progressive type, hnd therefore
' i be determined by cavity model. '

In _' the following chapter a more generalized metl_iod will be

presented. .




4. PLANAR WAVEGUIDE MODEL

model ' the cavity modal respectively. The advantages |and
disadvan 8 of these two methods were also discussed in the concluding
remarks d the relevant chapters. This chapter propo es a more
generalizdd ethod to analyze the EMC microstrip patch antennas [31].

The phesent analysis of the EMC patch antenna utilizes the concdpt of
waveguidfe}; citation [24]. The antenna structure is considered to be a
rectanglﬂp.i' planar waveguide bounded by electric and magnetic walls. A
mlm'ostrill [: be (feed line) is inserted in the waveguide to dxcite it| The
overlap r& Zn of the feed line and patch antenna contains the source of

: e is due to the fringe electric fields. The equiv
) e fringe electric fields is, therefore, the pnmjry

' e complete equivalent circuit of the EMC micro

i
i
|

Al

L (I
i

z-directed. The transition of RF power from Lt]:ufeedline to
al

X preceding two chapters electromagnetically coupled (EMC)
ip | atch antennas were analyzed utilizing the trangmission line

2 sitation. In the analysis the waveguide is as umed tp be

ml tained by adding the effects of the radiating edges of the patch
The tr 'h.on (coupling) of the microstrip feed line and the micro trip




|elfment (patch) is represented by an ideal transformer. The input
§f the antenna is determined from the equivalent ¢ircuit. From
f ipedance data, the characteristic features of the antenna are
extracted| :| |

\

gifler a rectangular microstrip patch antenna excitel by an open
ien ]ptnp feed line (see figure-4.1). The feed line is lgcated at the

Ml

jtwo dielectric layers. The relative dielectric constants of thé

interface lof

magnetlc '

equivalent agnetic current is obtained once the electric fieltof the feed

line is kngwp. The electric field between the feed line and the ground plane
is glvenb* J ,
R ' |
] cos{Bx-c)} |
E,.J Ee——— a1
S = , | e

where, E i‘;;ls the z-directed electric field at x=0, B¢ is the propagatmn
.constant of ”Ihe microstrip feed line and ¢ is the feed inset under the patch

i
) 1
A
i




4
| =
|

Patch Radiator

\

N

rh '’
d T “~ Upper Substrate
E 17d .
3 |
. Groand Plane ced Lower Substrate :
Point
Figure-4. l two-layer electromagnetically coupled microstrip ﬁatch

- Um.‘ +

due to thd

excitation|as

A
where, n
A A
n=x

P4 9(x-c) A

os(Byc)

tenna

ffinging of the primary electric field at x=c (between the edge of

i ;and the ground plane) is found. This magnetic current backed
' c wall at x=c is considered to be the primary source of antenna

is given as follows:

Ml#gﬁzxn

B |

y forhz‘i Sy S%E.O <x<a0 £z <d
_ , 4.2)

| otherwise

%Fhe unit normal over the magnetic wall at x=c and for t.his;case
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In onier to make the analysis simple, the equivalent circuit of the
holl the microstrip patch (of width b) transition are developed first.

transition, l- e microstrip planar waveguide is assumed to be infuiitely long
in both direftions. Figure-4.2 illustrates an infinitely long rectangular

([ | |

: ! I

§ g | |
E, H | I /4 1 gt wt
“«_r| M RaVa YU

0o | —>x

B l “

™ ‘ ;

| | |

Figure-4, ﬁ ]’?lanar waveguide representatmn of feedline-patch overlap thh

:nagnetlc current source M (Top view)

- .
pguide in which a current source M is located in the region

planar w?a v
between * and x=c. The electromagnetic field radiated by this source may
be expresge: as an infinite sum of waveguide modes [24] as follows:

=, ! F
E+F= C; (e, g+ex g]e"kxx, x>¢ - (439)
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H%|Q, Ch by 7 o8, x5 . (43p)
i ’

C; [e, /z\-ex Ix\] e"'jk!x, x<0 B (4.3¢)

S . o
HT“h -Cnhy ? eﬂklx,x<0 . (4.3d)

i - \ e
where, C Q.nd C,, are the mode amplitude eoeﬂicients of the fields E+, gt

= 2
‘frespectively for n-th mode.

Thi? 5 ilectromagnetic fields for transverse. electromagneﬁc (TEM)
M|

modes proplagating underneath of a two-layer wide microstrip patch are
given by | | -
E, r;]?l o eI, B e
Byt Py eg 6?5, e
L gk 449
a1tye T : '
where, IPI %is the mode amplitude coefficient and e, e, hy are the
_ P g ‘ ,
orthono, field mode vector components for the electric and magnetic

fields respegtively. k, is the propagation constant of a two-layer microstrip
transmlsdlé line. The expressions for the above quantities are given by [21]
1l ~ | S
“Tdhy | | | ” 45)




where, k

effective

Byt

Iy 7 By Veetr wn

3

nﬁf o e

lp the propagation constant in the free space and eeff is the

lthuty of the two-layer substrates glven in (2. 13)

and,

f(z)y{

!
: i

d fnctions e(z) and z) are defined as follows:
:?eoed O0<z<d , -
e(z)|={ , . 48

?eoeh d<z<d+h

}cos(kg,2). 0<z<d

, icos[khz(z-d-h)}cos(k hzh)' d<z<d+h

where, kdk h‘nd ky,, are given by [24]

patch tr

the ma;

theorem is

as follows ['

gzl

i X |
1= k e - Ky- (4.10b)

er to obtain the equivalent circuit of the microstrip feed ﬁne?

Koey- K2, - (4109)

; r'on, the electromagnetxc fields inside the waveguide exclted by

current source Ml are to be determined. The recxproclty

oked to obtain the fields. The theorem is expressed (for J =0)
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J‘ B S J‘ - - o o ‘

(B xHg -EgxH4).d s = |(Hy My-Ho.M;) dv, - @1
N N 5 - o

where, ]], H, and Eg, Hy are two sets of electric and magnetic fields

. v _) _) * .
W the magnetic current sources M, and M, respectively. Inrthis
’ 1 2
;" are considered to be the total fields excited by the equrvalent :
magnetic dp.rrent source Ml ingside the waveguide. E 9 and H 2 are the

auxiliary l;qpt fields due to an auxiliary source M2. These test fields can be
] |
any fields ais long as they satisfy Maxwell's equations.

The ﬂ)p.mary electric field E 1 is expressed as [24]:

—E-‘;)1=143 [ezz+e.x x]e'kax,x>c- o '(4;,12a)
E)lé!q: [e, z-e, xleP5x%, x<0 . . (412b)

I
¥
I

4 ! - 24 -, .
where C fﬁld C are the amplitudes of the fields E; and E, respectively,

which are|te{be obtained.

The ¢prresponding magnetic field vectors are given as folloyvs:

1+ e ‘ -
B4 hy § 675 x>¢  413a)

2.0 - A 4 f ' |
HypdC by 7 955 x<0 @)




.
i
g

where, hy # given in (4.6).

In u er to solve for the field coefficients C and C the test fields

en. As mentioned earlier, any chosen field can be used as long

i ﬁ Mazxwell's equations. All boundary conditions must be met, 80
a field whiéi makes the mathematics as simple as possible is desirable. In -
this case affield with unit amplitude and the same field configuration as

that of the_‘ ental mode of the waveguide is chosen.

Coxiiﬁl#lering an auxiliary test source at x =, and the fields produced
by the smHoe are chosen, namely | '

- | ! qe | @
Ey| |=Le, zZ+ ey %) BT, (4.142)

=-h,y y etikyx R (4.14b)

R

t - — =
Sinb§ the fields E, and H, are a source free solutions (M,= 0) within

§
the waveguide and the surface integral is zero over the waveguide walls by

. ; A - SR
virtue of t*P boundary conditions: n x E (perfect electric walls) = H x-ﬁ\
(perfect mﬂfﬁneﬁc walls) = 0, equation (4.11) reduces to '

., - o
J (il’d'lz'l-‘:‘--"‘ﬁ)1)')l\l ds,

8
1

E 1XH2"‘ EQXH-{).D dsz =- sz'Ml dv ’ o (4.15)
v :

+J .‘—)+ -
s2 |

[T I S SEY OSSR
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#nd 8g are the cross-sectional areas of the wavegﬁidé at_‘ x=0 and

A Do
X=c respeci ively and n is the unit outward normal on the surface. By

. vy 2+ 2 2 2. .
appropriate substitutions for E, E{, H; gnd Hl’ equation

+h
C e 20200y D) - (e 5-e. D) xch e I2Ke% (k) da dy
k) |

v |
b
((id+h :
' I + A A A A A A_A
+ ; JC e,z +exx)X(-hyy) - (e,2 - egx) X(hyy)l.x dzdy |

ﬁ=0
= - ﬁh_'l)z.ﬁldv,
or,

| d+h N .
2C e dy = IM 9 e+Jkadv.
| LJ; z-JO Zhydz My hy

+ o
ThtL yinknown mode amplitude coefficient C can now be written as

H 1 (32 AL 4 f |
C =r ﬁ.’;vf(Ml.y)hye ey dv, | . (4.16) _
1 .

where, ||




In

are found b

test fiel

-

Y
H

‘be written

or,

E |
2 H

2

b

|

1

i

}

r*

dh
| r'Eoc'{(ez’z‘-exiz‘)><(hy'y\}(ez'z\ +e Ox(-hyy)L(x) dz dy
y20/

b

: d+h

t dz dy.
f, J'Z=J(‘]e2hy ’ Y
=0

i+h

| ;[}C'F[(ezlz\wxg)x(-hy?)-(e Sre ity P eI S dzdy

1 M dv,
2 1

=[ezrg+‘ex 2] e -jkxx,

hy§ o TExX.

@17

nlIer to determine C , another set of equations is available. They
by considering the negative traveling wave of the test fields. The

if,:nw become

(4.18a)

(4.18b)

| v
Usin'lthe same procedure as for the determination of C , (4.15) can



or,

C o

\
'\E.
jq
O
i
i

~ -
where, M|

substituﬁbﬁ

1.
11

1 + - 3
Solying for the unknown coefficients C and C is now a matter of

BN
i

@l

i*nd hy are given in equations (4.2) and (4.6) respectively.

Y o
s for M, and bY only. By making these substitutions and

solving fof i4ach of the integrals on the right hand side of (4.16) and (4.19)

yields

BP, cos(ch)

1

wd (g) eﬂkxc AE e""‘l&c (4.20)

wd(g)e"’k! =-AE e kx |

2
'2Pn cos(ﬂfc) (4: b

- (4:22)

B + - o
by tutions for the values of C and C into (4.12)-(4.13) yield the
' magnetic fields excited inside the waveguide by the primary
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mpletes the determination of required fields inside the
e next step is to determine the z-directed electric field at x=o

| the corresponding voltages at the two points.

. -
Thu #dn‘ect.ed electric field component E, at x=0 and x=c are obtained

M + - . .
by substitution for C and C from equations (4.20) and (4.21) into equations
(4.12) and ( 14) as follows:

Eztf::+b) = C-eze +ikyx | o =-EAeze -kac’ - (4.23a)
L - _
Eyfxef) = C ege x| _ ~EcAe,. . (423b)

where, 34; b.qd A are given in equations (4.5) and (4.22) respectively.

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

e lap) is discontinuous.

: ﬂ)ltage drop across the waveguide at x=0 can now be written as
{ilash e B -
V| [ Bjx=0Mz= B M2 [T (424)
| 15==0 20
Sul s{litutions for f{z) and e(z) from equations (4.8) and (4.9)
respectively finto (4.24) and solving for the integral on the right side of (4.24)
yields || |
vagla Lt Ryig pe i (4.25)
" €& &3 €p ,

where,




V 4 HE A —[—+-—1--E B,

by

(4.26)
Bd Sh -

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

x = ¢ can be written as

@2
% % thn '

Edm#ltions (4.25) and (4.27) give the voltage drops across the

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

i of view and devise a model of the overlap region.

i_ _jafectnc fields and the voltages at x = 0 and x = ¢ are found by

patch on the overlap as a rectangular planar wavegulde
by the electric walls on the top and bottom surfaces and the

ic {whils along the two peripheral sides of the patch. As mentioned

e transmission line model, the microstrip patch can be viewed

as a wnﬁ nicrostrip transmission line. Considering now the pgfch as a
transxma line of the same characteristic impedance as that of ' the
patch, th ne voltages at x = 0 and x = ¢ at the two ends of the overlap are
given by ; oy ations (4.25) and (4.27) respectively. The discontinuity of the line
voltage, A can be written as -

AVEY -V =EB 1+ o T,  (428)
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MIHhecumnmatx=0mdx=cmbewﬁtMas

14 =-vY, 429
Ve 4
S
and, :
. + L
+ | + S
I = % =VY, C (4.30)
o ? -

o|is the characteristic impedance of the transmission line

t{pf the microstrip patch of width b and given by equafion (2.15)

o

inicth the line voltage and the line current are discontinuous, the
ansition (overlap) can be viewed as a n-network [23] as shown
The voltage discontinuwiiy in the uqui‘;ai'ent t.ransm;ssmn line
pstrip planar waveguide is illustrated as a voltage ,ﬁenerator
series with a linear circuit element. The current discontinuity
3§ x-network where the lump reactive elements represent the net

ank -gy stored in the overlap region.

pnmary feed line voltage and the secondary patch line voltage
i¢|same in general. A transformation effect should be introduced
to account fpr the feedline and patch transition (see figure-4.3).

-4.3 the ideal transfoi'mer provides a means for -adjusting
between the feedline source and the patch radiator so thai; the
t of power is transformed from the feed source to the patch
- it radiates. | -

e e i e et AR e
:
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maining task is to determine the unknown circuit péramebers

by incorpg ‘ ting the radiation loss.
LLM:;U—
i 1:n |

\Y r‘ OV

xH. Vs
_) —_—
1 it
- 00 «f—| X @ Il 12 Iy X =+
Zy Zg ZO' |
| x=0 X=C

Figure-4.3 qu'cu.lt representation of the feed-patch overlap region
o
'l

| |
431 Detehmmatlon of Circuit Parameters
For| {he equivalent circuit shown in figure-4.3 of an infinitely long

transmissigh line of characteristic impedance Z, the open circuit currents
g S

are give *h (4.29) and (4.3C). The other currents in the circuit can be

written ag || -

I #,“V-yl, . @3y

Al

|

.t
i




4.32)

yg are to be found. -

|

1

4 '
Apﬂl*' ng Kirchhoff's current law at node x=c¢ yields

+ | -

I'4lp=1I-1,,
substituﬁq": for I; and‘Iz from (4.31) and (4.32) 'respectively:‘and
rearrangmékhe above equation yields

+

Y9 %

X=C yieldé

(4.25), (4.37
imaginary|p

IT‘I'* Iy +Ly)= -j[V.yl + V+y2]

y13%h

;v"

(4.33)

! - 4+ - :
sf{tuting for the values of V,V , I, I+ from equations (4.25),

ariely, yields :
1 - cos(kgc) :
gin(kgc) ° (4:-34) :
I 1- coat !
o) - (4.35)

Wo sin(kge) -~ 1

By Eipn#ng‘Kirchhoff' s voltage law across the source between x=0: and

it

= (I+ + Iz)jx + an (4’36)

[ Vis the primary source voltage between the feed line and the

- + - )
. Substituting for the values of V,V ,1I, I+ from equations
(4.29) and (4.30) into equation (4.36) and equating the real and

separately as before, x and n can be written as



x = fl sinciege), o @
n=m‘%=2§, | © @39

I

i} _

where, the/pfimary feed line voltage Vp at x=0 is dE,,.
1

satlons (4.34), (4.35), (4.37) and (4.38) are the required expz'-eséions
for the cirgydt parameters of the feed-patch transition. The parameters? Y1

{|are functions of feed inset c, substrate dielectric constants ed
ibgtrate thickness d and h, feed line width w, pat.ch dimension b,

itle frequency.

Impedance

nplete equivalent circuit of the EMC microstrip patch antenna

3. Instead of the open circuit the slots are viewéd as the
ttances Y, connected at both ends. The radiation admittance

. equation (2.18). This means that figure-4.3 can be modlﬁed as

' . 1941 ﬁgure-4.3 by simply adding the affect of the radiating Biots
at its twd :
radiation | 5..
Y..is giv g}
shown in fig

model of an/|E]

has two radiation slots at x=0 and x=a. Since one radiation
=0, the radiation admittance Y, is directly connected to the

tix |= 0. For the other radiation edge at x= a, the second ;radiéﬁon
is connected through a transmission line of length (a-c). The

Hdlsame characteristic impedance Z, and propagation constant kx

Lo |

as those # the microstrip patch.
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Ithe complete equivalent circuit model as illustrated in figure-

of characteristic impedance Z, given in (2.15), In the ﬁgure

 ate the input impedances seen by the secondary source Vs atx =0
ectively. Zlandzzcanbewnttenas :

1

Yy +iyy - @3

: Y, +j¥ tanlk (a-c)} -1 L
r 0

vz + Yo7, 437 tantk, -0l (440)

&= 1/7,, the characteristic admittance of the patch antenna.

plit impedance of the antenna with respect to the primary feed

(441)

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

ram is written to compute the input impedance. From the

fance data other characteristic parameters such as retumloss,
ency and bandwidth are determined. The numencal results
ted in the chapter that follows
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Yy || 1] - [ Z. % ‘ Eﬂ

| x=0 Z1 Zz X=C I( )l-,

a-C

anfhre-44 Equivalent circuit of an EMC microstrip patch antenna

it gular microstrip patch antenna has been developed. In the
] rozf the circuit model the analysis was two-fold. First, t_he ;t_‘eed- '
'c%'n model was developed and next the radiation effect 0? the
i & r was incorporated. In the development of the franéition
nknown fields in the overlap were determined by -ir_woking the

iorem. By using the electric field thus determ_ilied, the

3 14 en by the feed line was derived. The input impedance of the
antenna was obtained by the simple formulae (4.34), (4.35),
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(4.37), (444 ‘ , (4.39) - (4.41). This simple expression of the input unpedance

accurate frepresentation of the net reactive energy stored in the overlap
4 jnethod is more generalized because it can be applied to higher

bllowing chapter will discuss the results obtained by utilizing
pipproaches presented in preceding chapters. |




5. RESULTS AND DISCUSSIONS

h chapter a comparison of the theoretically predicted resﬁ:lts is
m#ng various methods described in the previous chapters Wlth
e e experimental data. Such a comparison will give a measure of
#n the analytical methods undertaken in this f.hesis. Different

¢ characteristics of an EMC patch antenna in terms of “the

meters are also discussed.

ollowing sections will deal with the experimental ard

icAlilresults obtained for an EMC rectangular patch antenna

1.5 Ghz. The choice of dissimilar substrates offers a flexible
kirmance as well as removes the difficulty of coupling between

itry and the radiator elements (see chapt_er-l). The ijnput

ves will provide with the estimates of the design para’quters,

d resonant input resistance, resonant frequency and: the

curves rove the validity of the theoretical methods.

The| theoretical results and the experimental data will be -comﬁared
with res vy t.o the return loss and input impedance of the antenna.@lThe
experimej 7 data were recorded for various frequencies by using the
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HPS5 1oamtwork analyzer. The experimental procedures will be presented

in the apI

dix.

wcmmofmmucalmdmpmmm |

ihput impedances of the EMC patch antenna were computed
y|by using equations (2.32), (3.55) - (3.56) and (4.39) - (‘4.41); The

ing return losses were found from the numerical ihput

ta by using the formula

(5:1)

ilis the input impedance obtained numerically from equaﬁOns

where, I.

. 1 ) - . .
(2.32), (3. 1| 5] - (3.66) and (4.39) - (4.41) and Zf is the characteristic impedance
of the feeq t;e. The feed line was designed for a characteristic impedance
of 50Q ( Q) using the design formulae given in {32].

The rum erical results will be compared to the experimental re?dts
by illustrgtihg different plots of the data. In the following sections the plots
will be sho¥n in different graphs followed by a discussion on the results
obtained. | '
52.1 Retn,n Loss

The fptum loss curves were produced in figure-5.1 for a patch of
length i 2cm and width b=2.00cm by using data obtained from the
theoretica}| yses and experimental results. The other speclﬁcaiaops of
the EMC jptch antenna in the measurements were: the lower 'subsirate




was a DIqZ
0.0794cm
2.2210.02
7.62cm oi*
width of ;

3

"
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-870 of dielectric constant eg = 2.3310.04, and thickness d =
e upper substrate was a TLY-5 of dielectric constant ;éh =
nd thickness h = 0.15874cm. The length of the feed lme L=

Hhu:h a feed inset ¢ = 1.11cm [(¢/a)x100% = 50% overlap] The
i feed line was (w) 0.2413cm. The specifications gwen ahove will
d lsame throughout the following comparisons except the patch
;.' length a. In all the numerical computations ¢d and €h iﬁvere

» be 2.33 and 2.2 respectively though the uncertainty of the exact

- ‘_n loss of an antenna is a measure of degree of match beﬁveen
i element and feed network [see equation (5.1)). The hjighe;r the
| the better matched are the patch and the feed netv}brk.

: spturn loss in a given frequéncy range occurs near the msomt

frequency

the theory ;

. i the antenna. This is not an unreasonable apprbximaﬁ&n to
' .; frequency of maximum return loss to be the resoi:ant
the antenna. Thus from return loss curve two immﬁant
a :f the antenna can be predicted, namely the degree of mat.ch

qs of the curves as well as some significant differences.
Obviously|t

e more closely related curves to the experimental one the better
lains the reality. | |
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F figure-5.1 the maximum return loss obtained 'ifl‘OIl‘..l'. the

experimgnihl data was -17.61dB at 4.10 Ghz. Those obtained from the
theories, 1 mely transmission line model, cavity model method and planar

i1 —~—a—— EXPT.RETURTNLOSS
1 ~——t——  CAVITY RETURNLOSS
i —o—  PLANAR RETURNLOSS

AR RSO0

'y

RETURN LOSS (-dB)

L NN W SN BN QU SN SN GENNL MRS NN QRN NN S JEN SN S NN SN A R :
348 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
ki -

' FREQUENCY (GHZ)
| Figure-5.1 Return loss curve
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wavegui | eory were -17.03dB at 4.24Ghz, -14.52dB at 4. 40Ghz and -
18.21dB | 11‘ .20Ghz respectlvely The departures of the maximum return .
losses of £ theonea from that of the expenmental results were 3. 35% Iess,
17.65% I ‘ and 3.4% higher for transmission line model, cav:ty modal
method &

exmtahon of wavegulde method respectively. The theorehcal

resonant ffilquency shifts from that of the experiment were 3.41% upward,
7.3% upw iu , and 2.44% upward respectively. By comparing the theoretical
and expe !a ntal results one can immediately see that the curve obta:ned
from the w n waveguide method is the closest to the curve obtamed from
the expe HE nﬁal plots. '

: ': . : 'power bandwidth obtained from the theoretical analyses can
be compaj ll to that determined from the experimental data. Usually -10dB
return l| bandmdth is called the bandwidth of the antenna [25] In
figure-5. E | ’-Sdu bandwidihs are 2.7%, 2.0%, 3.9% and 3.4% from the

]

experimep | results, transmission line model, cavity modal method and
Bl

v I

planar v

eg‘ulde method respectively. The theoretical bandmdth ‘
discrepariti ; from that of the experimental results were 1.3% less, 1 2%

greater :; 0 7% greater for the three theories in order. The bandmdth

perfo M8a i .
|
- The . mpanson of the theoretical and the experimental return losses '

was cond ? d for four different EMC microstrip patches. The patch mdths
were 1.0044 2 00cm, 3.00cm and 4.00cm respectively. For each patch the

length of Ll patch was 2.22cm and the feed inset was half the patch Ie'ngth

g I IB the best for planar waveguide method.

(1.11cm). | ble-l shows the comparison of the maximum return Jpsses and
the corre D dmg frequencies obtained from the experimental da and the
egults. Table-1 shows that in the experimental rgsults the

quencies decrease gradually with EMC patch width| For this

theoreticgls

|
'R
1

resonant |




particul -

lé)
i

patch of W
for a pa

line mod

those of P

return los

frequenci -‘

are some

PATCH
WIDTH

(em)

1.00
2.00
3.00
4.00

]
|

Cavity no L

of width 4.00cm. The results obtained from the
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th 2.00cm and the minimum return loss obtamed w

pnalysis shows higher resonant frequencies dep
experimental results and for wider patches the ‘
sviates largely (about 50% less than the practxcal ol ;

analysis produced results almost mvanant |
(around 4.42Ghz) and maximum return loss (-10.0
harks on this theory that are mentioned in the condl

gmde analysis produced results closest to the e
Is respect to both the maximum return loss and reeo;l;ant
all the four patches.
TABLE 1

mmmswmuamnmmnmssmm
DING FREQUENCIES FOR FOUR EMC RECTANGULAR

MICROSTRIP PATCHES |
u A’I‘CHLENG’I‘H:2.22m,FEEDINSEl‘=111mn)

ERIMENT TRANS. LINE CAV. MODAL P AR
ANALYSIS WAVE{GUIDE

MODEL
i
i :
Q RLmax FREQ. RLpyax FREQ. RLpax FREQ.|| RLmax
) (dB) (Ghz) (dB) (Ghz) (dB) (Ghz) | (-dB)
127 427 158 443 -128 427 | -105
176 425 165 440 -157 420 | -182
105 420 572 442 -101 414 - [|.929
688 417 331 443 -110 407 | -616
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ing n , from the comparison of the theoretical resul
3 l results with respect to the maximum return loss
d bandwidth it can be conclnded that the planar

Al I

8 1;0E -the
resonant
avegmde

! ¥ ‘gh the differences between results obtained ;om " the
theoretics 1 alyses and the experimental data are much high, the
theoreti I ,: results still provide reasonable estimation. The reso#_;ant
frequency 3-‘ s and return loss departures from the reali can be
attributed| : ‘ the fabrication tolerance and the uncertainty of thj' dielqétric
- constants|| ;\ |
5.2.2 Inpiffimpedance; |
In B precedmg section comparisons between the theoreti | .a-md:-the
experime g ’ ‘ sults have been made with respect to antenna iloss,
and some ! meters of an EMC patch antenna namely, the imum
return logs " sonant frequency and bandwidth were predicted. [However,
the comp |‘ | ons based on return losses were indirect [see equa n (5 1)1
In this ,.ﬂ;" n the quantitative (direct) comparison between the

and expe . ' ent. results will be conducted with respect to

impedan the antenna and some other parameters will be pre
In 1mpedance of an antenna is defined as the i

presented|b an antenna at its terminals or the ratio of voltage to

a pair of ¢ E als or the ratio of the appropriate components of

to the m¢ ﬂ jetic fields at a point. The input impedance is g .

function ¢ b Fequency. For a lossless antenna (losses other than

loss), the 11;

81 part of the input impedance is called the input res}

cted

; pedance
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seen from the plots each of the curves crosses the 5
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ce of the antenna. The input impedance of the an
‘matched to the impedance of the feed circuit to

ered to the antenna [18]. Thus the input impe
very important parameter and it can be used to

ciency. The followings are the comparisons of

sion line model input impedance
5 1 illustrates the plots of input impedance data
ental results and the results obtained from the

onbiﬁed from
smiésion

alysis for a patch of length 2.22cm and width ,OOcin' at

‘using the same parameters.

tamed from the experimental and the theoretmal re ults were

! 0 5% downward resonant frequency shifts and 2. % larger
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1 - ’
) Cavity " bdal analysis input impedance

In § ; ire-5.3 input impedanoe curves were produced from|the data

obtained firgit h the cavity modal analysis and the data obtained from the
. ts for a patch of length 2.22cm and width 1.0cmt at 50%

measuren

overlap, w g the same measurement specifications as be : re. The
resonant | ’ ut resistance obtained from the theoretical an:
113.11Q adfe resonant frequency of 4.16Ghz. Those determined [from the
measureq ta were 106.23 Q at 4.21Ghz. The half power bnndmdth

‘u the analytical results was 5.77% and the same de‘termlned
srimental results was 2.14%. From the plots it can be e een that
_l results using cavity modal method produced E higher
fhan that of the experimental results by a factor of 3 63% ‘The
btanoe estimated from this method were 9% greater |than that
of the exp | a ‘ [ental resuits and résonant frequency shifts upward from the
experimenty _gresonant frequency by a factor of 1.2%. From the cc paneon
it can be ¢ b duded that though the resonant frequency shift and b[:ndw:dth

discrepan from those of the experimental results are high,

obtained fi ‘
from the d “
i
bandwidth

resonant

the anal

e input

"

1mpedan ‘ timate is quite reasonable.
]F

(c) Plana vegmde model input tmpedance

data for a patch of length 2.22ecm and width 1. 00 *
overlap, W& g the same measurement speclficahons By comp
theoretical

i
the measy f‘
T

thereis a
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measured

resonant

encies were 4.20Ghz and 4.21Ghz respectively.

| :
! ka were 124.78CQ and 106.23Q respectively. The co

- | a higher input impedance values by a factor of about] 7%The
t! ut resistance obtained from the theoretical resull :




bandwidth {

results we "

that the I; pnant resistance, resonant frequency and the b
dlscrepan : ; from those of the experimental results were
|
0.3% upw: " Lthﬁ and 1.86% larger respectively.
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4% and 2. 14% respectively. The theoretical estimatipns ﬁhow ‘
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In ¢
theoreti
data we I
Comparis

predicts
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procedure|
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are reso

length.

: e important characteristics of the antenna. Us’i
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ts shpws

esonant

comparison of the three sets of input impedance p!
[ oretically predicted resonant resistances and
- ! easured
-(hig:;lllest
resistance and 1.2% resonant frequency). Obviouslyithe @ost
tto the experimental plots is obtained form the ex_ult:::n of

f thod. Thus it can be concluded that this method expllai '%-:the

ere always larger than those determined from the

, the discrepancies are within reasonable toleran

rsectlon comparisons between the results obtained|from the
proaches and the results determmed from the exp ﬁmental

|
ynducted based on the return loss and input i

ased on return loss provides with a qualitative pi ~and

Einput impedance ‘dita, quantitative comparisons jv . niadé.
iEl: antenna parametérs, namely return loss, reso -
d resonant frequency were investigated with resp
smns The agreement between the theories

!iwere in general good. Comparison shows that t

i the planar waveguide theory were in the best a

proaches undertaken in this thesis with respe to _ﬁhe
:} results. It is appropriate to conduct theoretica 'degsign
jed on the results obtained from the planar waveguid f7theo‘ry.

: , |
!; portant design parameters of the microstrip patch| antenna

!,mput resistance, resonant frequency, patch width and pat.ch

tch length of the rectangular microstrip antennas ig usually




half the r
patch lenj
The pa |

the radiaf

plots of
the two-la;

(a) Inputl
In

patch wi |

2.00cm 1
measuremsg
be seen {h !:

monotoni¢!

physical
proportion
with the &
for a desi
for a 50Q |_'
length ob
the esti
input imp

antenna.

§

hant wavelength of the antenna [1]. The des1gned vélue of the
Fi 1s directly related to the resonant frequency of th lantenna

th is inversely proportmnal to the input resistance :radlatlon
thq less
soretical
eory for

the antenna (see equation 2.11). The wider the pa
reslstance of the antenna. The followings are the
parameters obtained from the planar waveguide
EMC microstrip patch antenna. |

nce at resonance vs patch width

; 5.5 resonant input resistance curve was produ
‘for various patches. The patch length was consid
the feed inset was half the patch length.

,, spec:lﬁcatwns were the same as before. From the

F of the important design parameters, namely the i-ésoﬁant
pnce and the corresponding patch width of an EMC patch
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PR - | PATCH LENGTH = 2.00cm
i FEED INSET = 1.11cm (§0%)
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Figure-5.5 Input resistance at resonance vs patch width

; equency vs patch Ieng,th

Th I h nant, frequency curve was produced agamst the paivPh Iehgth

using inpuflimpedance data obtamled from the planar waveg‘mﬂe theory

F:gure-5 : 9 ustrates the - vanatlon of the resonant frequency ‘Wilth the

vanatlon if 1 he patch length for vandus patches. The patch mdth was
I

|
1;
1

i
f i
| :
" ] |
1 .,
w| '| .
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patch lengt ‘ ihnd the resonant frequency can be extracted. For e lé, for
a EMC E o $ antenna operating at 4.05Ghz resonant ﬁ'eq:n::;, the
theoreti call .I |bbtamed designed valqe of the patch length was 2. Ethm. The

informatigy :| mn be used in the pracﬁcal EMC antenna design.

| chapter comparisons between the results determii'_ied from
pntal data and the results obtained from the '
fere conducted based on the return loss and input i

approachds d

Compans ;.based on return loss gave merely a qualitative pi ; _
_predict soiy ‘1mportant charactenstics of the antenna. Using resylts based

on the inpy & i pedance data the quantltatlve comparisons were

1 i
1mportan 1gn parameters of thé antenna, namely the reson#

]
B |
1
|

resxstancj o 8 resonant frequency and bandwidth were mvestlg ted w1th- ,

The agre | (nt between the theoretical results and the exp i
results w glln general good. In t‘.he analytical approaches th
waveguld ! ethod produced the results most closely to the e

results. Th | !F theoretical design plots were presented from reSults
1] :
I

obtained: Z jsing planar wavegmdegmethod. The discrepancies ujiresonant
[ i
f:

frequenci ind input impedancesé can be attributed to the rication

tolerance :w iuncertainty of the subsitrate dielectric constants [1]. !




6. CONCLUSIONS

Electrbmagnetic 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 i:otai
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 radiation 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 préctically efficient. The work includes both the
theoretical analyses of the problem in three different approaches and their
experimental verification. '

The objcctives 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 approaches 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 thé 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
compuler pmgrémmed to produce the theoretical inps! impedance data.
From the theoretical data the resonant frequency, resonant inpﬁt
resistance and bandwidth for a given feed inset and patch dimensions were
determined. |

The cavity model of a patch element was presented in chapter-3.
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 TM;9 mode and fields calculations were limited to the |
dominant mode only. From the field solution tk.: 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 impedance
data were produced using the input impedance formula.
In the development of the accurate analytical method planar
waveguide method was proposed for an EMC patch antenna [31). This met
the second objective of this thesis. In this method, the EMC patch antenna
was considered to be a planar waveguide in which a microstrip feed waé
inserted laterally, supporting TEM wave modes. The electric fields ingide
the waveguide was found by using the reciprocity principle. From the fields
the voltage drops across the waveguide and the line currents vIere _
determined. Both the voltages and currents were discontinuous aéross the
source. Due to the discontinuities of both the voltage and current a n-cir¢cuit
model for the source was developed. By incorporating the radiation effect of
the patch with the transition circuit, the complete equivalent circuit was
developed. Input impedance formula was obtained from the ‘equivnI:nt"
circuit. The formula was used to collect numerical design data.
Objective three was met by a check on the validity of the analytical

approaches and a comparison between them. Theoretical data points were

produced by using the same parameters as those of the experime

measurements. The experiments were conducted by using the HP 8510B
vector network analyzer. To gain confidence on the theoretical methods as

Comparisons showed reasonable agreement between the theoretical
experimental results as well as some significant differences.
discrepancies of the theoretical parameters from the experimental

parameters were also considered to be within the tolerable limits, It was
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therefore concluded that the theoretical development as “well és ‘the
computer program generating data points provides reasonable estimates of
resonant frequency 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 éxperimental results. These
discrepancies can be attributed to the simplest design formula of input
impedance derived in the approach. Moreover, to keep the mathematics
gimple as ﬁossible mutual coupling between the radiation slots, lossesldue
to the dielectric materials, conductor were not considered in the theoretical
analyses. Thus it was expected that there would be some differences
between the theoretical and experimental results.

The cavity modal method for the EMC rectangular patch antenna
was analyzed for the TM 19 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 léngth 2.22cm and width 1.00cm showed
estimates of 9% greater rescnant input 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,



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 expenmental
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 resulfs. The prediction of both the resonant
frequency and the resonant input resistance were in good estimations of the
experimental predictions. The 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,
experimental data were collected by using the HP 8510B vector network

analyzer. The HP 8510B network analyzer system is an advanced
sophisticated measurement instrument designed to make microwave
measurements of any kinds [33]. But the basic principles to its operation
fairly simple. The system measures the magnitude and phade
characteristics of networks and éomponents such as filters, amplifiers,
attenuators, and antennas. 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.

A2 Basic Network Measurements

With the network analyzer, two kinds of measurements are made:
reflection measurements and transmission measurements [34].
incident signal generated by an RF source controlled by the HP 8510B is
applied to the test device and compared with the signal reflected from
device input or rtransmitted through it as shown in figure-A.1.




- TRANSMISSION REFLECTION

INCTDENT TEST TRANSMITTED INCIDENY JEST
e

Figure-A.1 Transmission and reflection from a test network (from (33])

Reflection measurements are made by comparing the reflected

signal to the incident signal. The results in measurement data on reflection

characteristic_s of the device are in the following formats:
. Return loss,
. Standing Wave Ratio,
. Reflection Coefficient, and
. Impedance.

The return loss and input impedance measurements of the EM(

patch antenna were used in this thesis.

o
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a) Basic principle of the HP 8510B Network Analyzer

The HP 8510B network analyzer is a fully integrated vector networ
analyzer [34] which includes four esgential parts:

. & source,
. & test set,
. a gignal detector and analog-to-digital converter, and

. a digital microprocessor and display.

k

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. [t

also receives transmitted and retiected signals from the device-under-test.

The signal detector and analog-to-digital converter takes all of these signal

and converts them to digital information for high-speed processing. The
digital microprocessor controls the system, analyzes the digitized signals,

correct errors, and display the results in a variety of formats.

In the HP 8510B network analyzer system, the essential parts ar
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 835X-

series. plug-in.

HP 851018 ‘
DISPLAY/PROCESSOR

HP834X-SERIES
SYNTHESIZED SWEEPER

358 & aso O oo 288

I Abdd adads — SO Qgoo

HP 85102B [ Looos:o 25,0000
5 0000 ooaoceowno]]
If DETECTOR M0, 020 200 oomea O

| éé aa oo o9 oo oa

o oo a0 aa ~ o

HP83ISX-SERIES
SWEEP OSCILLATOR
W/ RF PLUG-IN

Figure-A.2 HP 8510 network analyzer system (from [33])

2

Additional system components can be included hardcopy outpul

devices such as a printer and/or a plotter, and a disc unit. These peripheral
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devices are controlled directly by the HP 8510 system. The data of the EMC
patch antenna were taken from printer and plotter.

A.3 Experimental Setup and Data Collection

Figure-A.3 illustrates a complete experimental setup for the
measurements of the input impedance and the return loss of an EMC patch
antenna. The test device is the EMC patch antenna which is connected with
the HP 851X test set via port#1. The CRT display was a Smith chart plot of
the input impedance of the EMC patch antenna under test. The plotter anri

the line printer were collecting data into two different formats.

wen Ehel® |

. T
Rine W 'EEw -
I s B -

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 figure-A.4 is a Smith chart plot normalized to a 50Q input
impedance oﬁtained from the plotter for a patch of length 2.22cm, wid
2.00cm and feed inset 1.1lcm. The frequency range was selected fro
3.75Ghz to 4.75Ghz. Marker 1 points at the input impedance reading of
EMC patch antenna at 4.27Ghz. The input impedance at 4.27Ghz w.
84.344 + j18.332 ohms. The line printer output of the same is shown in the
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 frequency

range used was from 4.00Ghz to 5.00Ghz. Marker 1 shows the return lods
reading of the EMC patch antenna at 4.35Ghz. The return loss obtained
-11.051dB. The line printer output for the same is given in the followi

page.

Data for other patches and/or at different feed insets of the same

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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Figure-A.5 A log magnitude plot of the return loss 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 Analyzér
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