drinveayAnan nizssunaraniz

SWITCHABLE ANTENNAS AND THEIR APPLICATION IN
DIELECTRIC PROPERTIES DETERMINATION

Wi

THUNYAWAT LIMPITI
UL, Lo o .
unziioy 5 57839 / '
%H,Lﬁﬂu,‘ﬂ . a. \ 2557’ %,

A THESIS SUBMITTED IN PARTIAL FULLFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF ENGINEERING IN ELECTRICAL ENGINEERING
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
' 2013
KMITL-2013- EN-D-018-156



COPYRIGHT 2013
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



Wdaingriinug aeomaaintuarnsUssanaldalunismanaauda

Inddnm3n
unAne weftyiand SuTA
WEUTTIR 51060011
iy AenssuAmERsAui TR
111391 Fanssulisa
W.fl. 2556
2sdAvTneIngiinug a. a3, Wlue lnsgny

UNANELD

eniinusithiauemsamasdinduasnisussgndldou  Tnsdwauariufmedgnns
Uszgnaldanuisivsslevusemsiaunyssmalumuineasnssy waznseenwuuietily

Ussgndldlusugeamnssy  aegemaninaveiilassaiadugunmnuimuasiaindvimiig

1]
v o

Uiuwasuguuuunsdnae lumsdssgnaldiuineasnssuangameaindvitmhiduguees

1ad o

Yoenututwdsnlussuvumsananuduwuutn Aenisuitauswala i inanIsruInyes

MsWufesmveImEeINA 01FENSEIRTIULUUMITIMINTETIRIUILLAEAIRINLNUTING IR

v

waenrauantiladidnein  wwmwesnsdionsesuiildninnsiagmhnmasnuunsm

Gaufniildnnmsdnasmegrsdidaiiuaustml fluinodinusiiuamensdiziuuy
msdmauuuman  Wisuifisuaauasiladdnainverindenildnnmaiiafivhiaueiy
mAdeifindey  wuidasiladidneinAeutnaiugn  faudsauunesgugagaviniy
+0.19 usAdsznounsagdeladidnadndrmnuunnsig %dﬂ’)’]mﬁ:ENLUUM'WI':‘ﬁ']UEJQQﬂWi']ﬁU
+0.36  \fleannnsssuviAveaadinfitiaue é’qﬁtﬂﬁﬂﬁLauams'nmL'nam'sgzyl,ﬁmtasnﬁl,lﬁlw

prNAanan  Rpnudsuvunasgugigavesiafladidnainuazadiausenoum g de

a By 1 U o o 5 ) 24 &‘ - (]
1ﬂ6LﬁﬂW§ﬂL‘VI"Iﬂ'U +0.18 Way £0.29 MUAINU  MNUUATNITUVARAMUTULUUVUATUIRE DU



Wernwauiululdvensldudueesmiussuvannutuwuule reflldainnisvmeass
fuduinduweivhaulauiug LLazﬁ'ﬁaﬁﬁswmqnLLazmmsnv'hq'mlﬁmuna'ﬁf%q founle
TauemswanaseInAlasaaiimsmaluladnisai vioheduaiiou  Tusinarsves
wiasRuniinand 24 Ansidsng éauﬁuwé’nmsﬂ%’uLuﬁ'a‘uu‘uugﬂm'suwén'szmaﬂé"u‘[ﬂaw
Iloniulunsaing ansernmeafivenwuvannsausudenfieniald ¢ fievaseud welimuny

dwmiumaihludssgnaldausiugramnisy wu Wueidwiusaeud msdhwanaeadiy

- P2 < )
%39 STUUNTdRans Wunu

I



Thesis Title Switchable Antennas and Their Application in Dielectric

Properties Determination

Student Mr. Thunyawat Limpiti

Student ID. 51060011

Degree Doctor of Engineering

Program Electrical Engineering

Year 2013

Thesis Advisor Prof. Dr. Monai Krairiksh
ABSTRACT

This dissertation presents a switchable antenna and its applications via an
exemplification which will be beneficial to the agricultural development of the Kingdom,
and the design of an antenna for the use in industrial applications. The designed antenna
structure is like a cross configuration whose elements are attached with RF switches to
function in switching configuration. For the agricultural application, the switchable
antenna is employed as a moisture content sensor for paddy (rough rice) in a closed-loop
drying system based on the new proposed aspect in characterizing the dielectric
properties of material by means of measuring only the magnitude of mutual coupling and
omitting the measurement of phase by switching configurations between parallel and
perpendicular instead. The measured magnitudes of mutual coupling are plotted on a
surface curve of mutual coupling magnitudes, which is obtained by a novel presented of
closed-form solution, to obtain the dielectric properties of paddy. Only the case of
perpendicular configuration is focused in this dissertation. The dielectric properties of
paddy provided by the surface curve of mutual coupling magnitudes are compared with
the work in literature and found that the dielectric constants are slightly different, but the
dielectric loss factors are quite different due to the inherent behavior of this technique.

The maximum standard deviations of them are respectively equal to +0.19 and +0.36.
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Thus, the loss compensation and the error correction are presented. The compensated
results show that the maximum standard deviations of the dielectric constant and the
dielectric loss factor decrease to +0.18 and +0.29, respectively. Then, a model system of
the closed-loop drying .system was set up to validate the feasibility of exploiting this
sensor with this system. The results confirm that the sensor is able to accurately perform
with its advantages of low cost and real-time monitoring. In addition, this antenna with
the same structure of a cross configuration is further developed by means of the substrate
integrated waveguide (SIW) technique combined with the concept of reconfigurable
antenna. The antenna is designed on a single printed circuit board (PCB) to operate at the
frequency of 24 GHz and its radiation patterns steered to 4 directions around its structure
by using PIN diodes. Consequently, it is suitable for industrial applications, i.e.,

automotive sensor, security application, communication system, and others.
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Vector potential at the point P is

uly, [1}1 sin [k (H - z’)] exp (—ij) b (I) sin [k (H + z’) exp (—ij)]dz']

4z | O R -H R

A, =

(R+ k(R-
(gl it) | A x| f asl MR,
8z
0 k(R 0 —jk{R

+exp (jkH ) aul jR( Z)]dz' exp(~jkH ) IHCXP[ # +Z)] (2:3)

In cylindrical coordinates, the magnetic field at the point P is given by
H=a s (2.4)

where
1 04

H,=-_—2zZ 2.5
e (2.5)

and p is the permeability.

Due to the symmetry of the z-axis, the point P can be shown in the y-z plane without
loss of generality. In this case,

R 1 (2.6)

Substitute equation (2.3) into equation (2.6) results in the expression

Hy = _E%"?[exp( JKH Q1 ~exp(~ jkH )0p +exp( jkH )03 -exp(— jkH )04 | 27)
where
o 11 o[ t(k+ )]
_9° iz 2.8
H _ . — !
-2, e
&0 R



Q3=£ (I) exp[—jk(R—z')] ,
oy -H R
3 0 exp[—jk(R+z’):|
'Q4=— I
oy -H R

Substitute equations (2.8a)-(2.8d) into equation (2.7) and simplify; then obtain

H¢ = - 4;”}'_}’ I:exp(—ijl)+exp(—ij2)—2cos (kH)exp (—jkr):l .

From Maxwell’s equations, the electric field is given by

- 1 —
E=—-VxH.
Jjowe

Thus, the radiated electric field from the dipole antenna is

E=a,E,+a,E 4 16H¢+“ lla(H)
=4 a =-a a ——\p
prp - eTE pja)s Oz zja)spap ¢

where

Ey =) My, [exp (—ijl) . exp(—ijz) eos (kH) exp (—jkr))
3 R, p

—H exp (—ijl) + z; H exp(—ijz) - _Zz cosr(kH) exp (-—jkr)J
1 2

and 5 is an intrinsic impedance.

2.3.2 Mutual Impedance of Linear Dipole Antennas

16

(2.8¢)

(2.8d)

2.9)

(2.10)

@.11)

(2.12)

(2.13)

In the previous subsection, the observation point P was derived when a linear

dipole antenna radiated into an unbound medium. When P is on the presence of an

obstacle or on another antenna, it is able to alter the current distribution, the radiated

field, and the impedance of the antenna. The input impedance of the antenna in the

presence of the other elements or obstacles, which will be referred to as driving-point

impedance, depends on the self-impedance and the mutual impedance between the driven
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element and the other obstacles or elements [40]. The driving-point impedance is given

by
vV I '
Zy, = }‘:‘ =2, +le[1_jJ (2.14a)
I
Zy = ?—2 =Zy+ Zzl(l—l] (2.14b)
2 2

where Z,, and Z,, are respectively the input impedance of antennas 1 and 2 considered
in two ports network. Each driving-point impedance depends on the current ratio (/,/1,),

the mutual impedance, and the self-impedance.

To calculate the mutual impedance Z,,, consider antenna number 2 to be in the
electromagnetic field of antenna number 1 which both antennas are in close vicinity. Let
the distance from an elements 4z’ on antenna number 2 to the feed center is equal to 2’
and the incident electric field parallel to the element &' is E,.- The induced electric
field at &' will be E, =-E_,, since the total field must add up to zero for a perfect
conductor. The induced electromotive force (EMF) in &' is thus equal to -£,, dz'. When

the center terminal is shorted circuit, the EMF will cause a current flow across this

terminals denoted by daI,. as shown in Fig. 2.6.

A" Fgp} h)

z' ]

/
V? ’z(s)\\
i

/
/

[ i S I el

-~
fom

Figure 2.6  Current distribution on a dipole antenna [41].
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According to Fig. 2.6, the relation is given by

~Ead2' _ ¥
dIsc IZ (Z’)
or
dl,, = —ﬂg—d‘z—lz(z'). (2.15)

The total short-circuit current I, is the contributions of all the EMF along the entire

antenna as given by

1
Ige = —71522112 ()42 (2.16)

The open-circuit voltage V,, is equal to the shorted-circuit current /., multiplied by the

antenna impedance z, :

VA
2 N gt
Va1 = 1seZa = =51 Byl ()" (2.17)
Since z, =¥ /1,(0), gets
1
Voy ==~ 1E o1, (). (2.18)
21 21°2
1,(0)" *
Substitute equation (2.18) in the relation of z,, = l;—f , yields
In=0

l L4 L4
Zy =—m1522112 (). (2.19)

Equation (2.19) expresses the mutual coupling in terms of an integral of the product of
the component of the incident electric field parallel to the antenna £_,, and the current
distribution along the antenna I, (z'). When £, (0) and I, (0) are respectively the current

at the center terminal of antennas number 1 and number 2.
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2.3.3 Mutual Impedance Analysis of Perpendicular Dipole Antennas in

Lossless Medium

|
<y

Figure 2.7 Perpendicular dipole antennas configuration.

The mutual impedance of perpendicular dipole antennas is initially analyzed in
the case of lossless medium [42] to compare the accuracy of results obtained from the
derived expressions with those from the commercial electromagnetic simulation program
[43]. The analysis will be exhaustively detailed with step-by-step procedure.

Figure 2.7 shows that two center-feed dipole antennas with the length L, which
the primary antenna is placed along the z-axis and its feed terminal assumed to have
infinitesimal spacing is located at the origin of a Cartesian coordinate system, is separated

from the secondary antenna with the same configuration by a distance 4 and 4 along y

and z axis, respectively. Mutual impedance of both antennas is calculated by

1 4 ’
Z5, =—WIE2112 (y )dy . (2.20)

The current distribution on the secondary antenna 7, (»') is assumed to be sinusoidal and

given by
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N_ ) Imsin[k(y'=d)] ; d<y'<H+d
L ()= (lmsin[k(2H+d—y'):| s Hid<y'<2H+d @21)

Substitute equations (2.21) and (2.13) into equation (2.20), yields

. [de {( (i) st (- zmsy(w) exp(rfkr)]xsm[,,(y ,,)]},,y

EAOO) PRI

2 {( it o () xo it oo (ity) 22 () e (""’)]xm [k(2H+d~)")]} dy'] .(222)

To simplify equation (2.22), transforms sin [k (- d)] and sin [k (2H +d - y')] in the form

of exponential function; then gets

sin[ y d):l {exp[jk '—d ]—exp[ jk(y—-d)]} (2.23)

sin [k (ZH +d-y ):l =37 {exp[jk(ZH+d—y’)]——exp[—jk(2H+d—y’)]} . (2.24)

Equation (2.22) can be rewritten as

o Mlom 1 [ A+ (g exp(—jkRy)  z+H exp(—jkRp) 2zcos(kH )exp(-jkr)
R e e : x
anr (0)1,(0) “L 2 Ly & y R y r

(exp [/k (y d)] exp[ —-jk (y d)])} ay' + ZH:d {(exp [jk (2H +d —jl')] —exp [—jlc(ZH + d—y’)]) X

(z _H exp (_ijl) Lzt H exp (—jlch) _ 2zc0s (kH) exp(—jkf)]} dy.:l ) (2.25)

y R y R, y r

Integrate equation (2.25) will get 12-term expressions. The first of which is exemplified

here. Let the first term expression be 4, which is calculated from

4 {[ 2 i oxp(~JkR, ))x (exp[ k(- d):l)} ' (2.26)

Yy Rl

Substitute H, z=h, and y=d in equation (2.26), yields
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_h-H H+d exp[—jk(R1 —y’+d):]

A = ay'. 2.27
g g R Y (227)

1

Define u to simplify the integration as

d Ry~
&kl
ay’ R

or
_Rl
ay' =—=du
u
Substitute 4y’ in equation (2.27), yields
g% —j(kd -
d Y R u

1

when

ug =k[(H+d)—\/(H—h)2 +(H+d)2:l

" =k[d—,/(H—h)2+d2].

With the relation of exp(-ju) = cosu - jsinu, equation (2.28) can be rewritten as

Al _ _(h ;H)':“JQ COS(',;d"u)du_jujp %dizdu} . (2.29)
ul uf

According with the relation of
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cos(A—B) = cos Acos B +sin Asin B
sin(A—-B):sinAcosB—cosAsinB

then equation (2.29) can be rearranged as

_(h - H)lrufo cos(kd)cos(u)d sm(kd)sm(u)d 40 sm(kdzcos(u)d 40 cos(kdu)sm(u)d :'

Al: U u
d Jly ul u1 u1

(2.30)

Integrate equation (2.3) and arrange in the form of Cosine and Sine integrals, then gets

[ o
4 == h_—H) cos(kd) I OS( )du+sm(kd) | sm( )du jsm(kd) j S(u)du+jcos(ka/) f)ﬂ(u—)du
\ 4 u] u u u ul u

0o “ 0

A== h__ﬂj cos(kd)[ coi(u)d «© u( )du}+sm(kd){uo sm(u)d lSinu(u)du}
L uO

Y

—Jsin (kd){ (u) cosu(u) du} + jcos (kd){ 0 sin (u) ‘! M du}]

| o

- ‘(k ;H)[COS(M){CI(uO )-Ci()}+sin(kd ){Si(ug )—-Si( )}~ sin(kd }{Ci(ug)~Ci(u) )}

+jcos (k) {si(u ) -5i 1 )} @31)

when the definition of Cosine and Sine integrals are

Si (_x) j_ X sin (T)

Ci(x) _ _:I?: cosr(r) dr = z cosr(r) de.

With the same analysis procedure as aforementioned, the others 11 terms are shown as
follow:
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4y = _(‘*; ”)[cos(kd){c,-(u3 )iy ) +in b {551y ) - 5}

—jsin (k) {Ci (u3) - Ci(uy )} +  cos (ke ) {57 (u3) - 51 (1)} (232)
3 = 2 cos (k) cos (k) {Cius ) (g ) wsin bt {5 ) - 1)}
i (ke ) {5 ) = Ci (g )} + s cos (k) {51 (5 ) - (1)} ] (2.33)
o (P efee ) sm o))
jcos (k) {1 vy ) - i (3 )} + ssin (k) {ci(vp) - Ci (v )}] (2.34)
5=_(h2”)[ (k) {Ci(v5) - Ci ()} s (k) (v5) - 13}
—jcos (kd){5i (v )~ 5i(v, )} + sin (ka) {ci (v ) -Ci(3, )} (235)
= Zpoontu) o (k) €1 {n5) - )] sin () 1 (5) 1)}
_j cos(kd){Si(vs)—Si(v4)} + jsin (kd) {Ci(vs)—Ci(v4)}:] (2.36)
= (1) coskarrsa){ci(m ) )} + iK1 {51 ) -1y )
—joos k(2 +d)){si(m )~ si(vg )} + jsin[k2E+a) ) {Ci(m )~ Ci(so)} ] @37)
T R T N

—jcos[k(2H+d)]{si(m, ) - 5i(v3 )} + jsin[ k(2 Fr+d) ] {Ci(m, ) - Ci(v, )}] (2.38)



when

Ay =

11
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22 cos (kH)[ws[k(2H+d)] {ci(my)-ci(vs)} +sin[k(2br+d) {si(my) - 5i(v5)}

= cos [ k(2H+d) {si(m3 ) - i(vs )} + jsin[ (2 H+d) [{Ci(my ) - Ci (v )}] (2.39)

ot ot

~Jjsin[k(2H-+d)|{Ci(my) - Ci(ug )} + jcos[ k(2Hr+d) {5 () }] (2.40y

- ( acd )I:cos [k@r+d)}{ci(ms)~ Ci(uy )} +sin [ k(2E+) { i (s ) - 5i (1 )

—jsln[k(2H+d]{Cl(m5) Ciluy )} + jcos[k(2H+d)]{Si(m5)—Si(u3)}] (2.41)

45 = —-Zd—hcos (kH)[cos I:k(2H+d)] {Ci(m6 ) - Ci(u5 )} +sin [k(2H+d)] {Si(m6 ) - Si (“5 )}

~sin[k(2H+d)}{Ci(mg ) - Ci(us )} + j cos k{2t +)] {1 (mg ) - i us )}] (2.42)

u2=k[d—m]
:k[(y+d)_J(H+h)2+(H+d)2J

g =KW ]

us = (v 2)- i+ (1)

vo=k:\/(H—h)2+(H+d)2+(H+d):l
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vy =k—\@1+h)2 +(H+d)2 +(H+d):|
v k|2 +d? +d:l

-

vs =k —,/hz +(H +d) +(H+d)]

m = k \/(H —h)2 +(2H+a’)2 +(2H+d)]

my =k r\/(H +h)2 +(2H +d)2 +(2H +d)]

my = k —\fhz +(2H+d)2 +(2H +d):|

my, =k[(2H+d)—\/(H—h)2 +(2H+d)2]

s =k[(2H+af)—\/(H+h)2 +(2H+d)2].

Consequently, mutual impedance of perpendicular dipole antennas in lossless medium

can be calculated from the closed-form expressions of the 12 terms composition as shown

in follow:
N
Zy= i§1 4 (2.43)

To verify the closed-form expressions, the obtained mutual resistance and mutual
reactance, which are varied with the distance, are compared with those from commercial
electromagnetic simulation program as illustrated in Fig. 2.8 and Fig. 2.9. Let both
antennas are half-wavelength long and the height # of the secondary antenna, which is
aligned parallel to y -axis, from the center-feed of the primary antenna aligned on the z -
axis is 0.125 1. Note that both mutual resistance and mutual reactance from the closed-

form expressions are in good agreement with those from simulation program.
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16

Closed-form expressions
12

~ees===- Electromagnetic simulation program

Resistance (Q)

0.25 05 0.75 1 1.25 L5 175 2 225 25 275 3
dla

Figure 2.8 Comparison of mutual resistance from closed-form expressions and

simulation program.

e Closed-form expressions

4 e«=e=-«- Electromagnetic simulation program

Reactance (Q)
(3

0.25 0.5 0.75 1 1.25 L5 L.75 2 2.25 2.5 2.75 3
dlia

Figure 2.9 Comparison of mutual reactance from closed-form expressions and

simulation program.

According to the closed-form expressions, Effect of the varied distance parameter
d on mutual impedance is studied and illustrated in Fig. 2.10. The mutual resistance and
the mutual reactance decrease as the distance d/4 increases. The more increasing of the

distance, the mutual resistance and the mutual reactance are close to zero.
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1 T

Resistance

Resistance, Reactance (Q2)

4 i
0.25 075 1.25 175 225 275 325
dli

Figure 2.10 Effect of the distance 4 on mutual impedance.

Effects of the varied height & of the secondary antenna on mutual resistance and
mutual reactance are respectively shown in Fig. 2.11 and Fig. 2.12. It can be noticed in
Fig. 2.9 that the mutual resistances increase as the increasing of height when the distances
are in the range of 0.2 1-0.6 2 and they at all heights obviously decrease to zero as the
distances more increase. Figure 2.10 shows that the mutual reactances increase when the
heights increase in the range of distances equal 0.2.1-0.4 2. Like the mutual resistances,
the reactances clearly decrease to zero as the distances more increase. Moreover, the
study of the height # effect on the mutual impedance reveals that the mutual impedance

is equal to zero at the height is zero.

Resistance (Q)

0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2
gy

Figure 2.11 Effect of the height # on mutual resistance.
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Reactance (Q)

0.2 0.4 0.6 0.8 1 12 1.4 L6 1.8 2
d/2

Figure 2.12 Effect of the height » on mutual reactance.

2.3.4 Mutual Impedance Analysis of Perpendicular Dipole Antennas in

Lossy Medium
Unlike the lossless medium, the propagation constant & in lossy medium is

comprised of the attenuation constant a and the phase constant g as shown in

k=a+jp=jou(c+jwe) = \f—w2y£+ja),uo (2.44)

where ¢ and 4 are respectively the complex permittivity and the complex permeability.

Both of them equal
1/2
2
a = anpe{— 1+(i) -1 Np/m (2.45)
wE
1/2
1 o 2
B =a\ue{— 1+(——) +1 rad/m. (2.46)
2 wE

According to equation (2.25), substitute the propagation constant £ with the relation in
equations (2.44)-(2.46) and integrate by means of the same procedure in the previous

subsection, then gets

A =- ( h ;H) " I:exp (dp)x {cos(da)-jsin(da)} x{{Ci(ug)—-Ci(w )}+ j{Si(ug)-Si(y )}}] 2.47)
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A2=—(h;H) [exp(d,B) {cos(da —Jsm(da)} {{Ci(u3)—Ci(uz)}+j{Si(u3)—Si(u2)}}] (2.48)

4y = 27: X %[cos(Ha)x{exp(H BY+exp(-H f)}- jsin( Ha)x{exp(H B)-exp(-H ﬂ)}] x [exp(dﬂ)x{cos(da)— jsin(da)}]

x[{Ci(uS)—Ci(u4 )}+j{Si(u5)—Si(u4)}] (2.49)

{
o

Ag = % x %[cos(Ha)x{exp(Hﬂ)+exp(—Hﬂ)}—jsin(Ha)x{exp(Hﬂ)—exp(~Hﬂ)}] x [exp(—dﬂ)x{cos(da)+jsin(da)}]

x[{Ci(vs)~ Ci(vy )} - {1 (vs) - Si(v4 )} ] (2.52)

) exp(-dp)x{ cos(da)+jsin(da)}x{{Ci(vo)—Ci(vl)}—j{Si(vo)—Si(v,)}}] (2.50)

exp( -dp)x{ cos(da)+jsin(da)}x{{Ci(v3)—Ci(v2)}—j{Si(V3)—Si(vz)}}] 2.51)

A, = (h ;Hjx {exp(—ZH,B)xexp(—d,B)} x{cos(2Ha)+jsin(2Ha)} x {cos(da)+jsin(da)}

x[{Ci(my)~Ci(vo)}— j{Si{m)-Si(vo)} (2.53)

Ag = (h ;H) X {exp(—ZH,B)xexp(—d,B)} X {cos(2Ha)+jsin(2Ha)} x {cos(da)+jsin(da)}
x[{Ci(my)~Ci(v3)}- j{Si(my )-Si(3)} (2.54)

Ay =— -2-;- X %[cos(Ha)x{exp(H,B)+exp(—Hﬂ)}—jsin(Ha)x{exp(H,B)—exp(—-H,B)}]

x {exp(—2H,B)xcxp(—a’ﬂ)} x {cos (2Ha) + jsin (2Ha)} x {cos(da)+jsin(da)}

x[{Ci(m3)~Ci(vs)}-j{Si(m3)-Si(vs)} (2.55)

Ao = (h ;H) x {exp(2H,B)xexp(d,B)} X {cos(2Ha)——jsin(2Ha)} x {cos(da)—jsin(da)}

x I:{Ci(m4 )—Ci(uo)}+j{Si(m4)—Si(u0)}] (2.56)
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A,y = (h ;HJ X {exp(2Hﬂ)xexp(dﬂ)} x {cos(2Ha)—jsin(2Ha)} x {cos(da)—jsin(da)}

x[ {Ci(ms)-Ci(us )} + j{Si(ms)-Si(us)} (2.57)

Ay = —27:- x %[cos([-{ a)x{exp(H B)+exp(—H f)}~jsin(H a)x{exp(H B)-exp(-H ﬂ)}]
x {exp(2H B)xexp(d B)}x{cos(2Ha)-j sin(2Ha)} x {cos(da)— Jj sin(da)}

[ {Ci(m y~Ci(us )} +{Si(rms)~Si(us)} (2.58)

and their angular variables are the same as shown in lossless medium.

2.4 Dielectric Property Determination Using Mutual Coupling Magnitudes

Mutual impedance of the perpendicular configuration of dipole antenna obtained
from the combination of the 12 terms derived expressions and the modified mutual
impedance of parallel configuration are transformed to S -parameter. The transformed
mutual impedance is called mutual coupling. The mutual coupling magnitudes of both
configurations, exploited as a solution for the dielectric property determination of a
material, are calculated with respect to the dielectric constant and the dielectric loss factor
variation. The calculated mutual couplings are drawn in the form of a surface curve. This
surface curve is used to determine the dielectric property by plotting the mutual coupling
magnitudes of both configurations from measurement. The mutual coupling magnitudes
of perpendicular configuration are plotted on the solid lines by the black triangle symbol
whereas the dash lines are for the parallel polarization plotted by the white dot symbol.
Then reading off the values of the dielectric constant, x-axis, and the dielectric loss

factor, y-axis, at the cross points between these two symbols. For instance, at the point

denoted by * in Fig. 2.13, the magnitudes of mutual coupling from the measurement in
the case of perpendicular and parallel configurations are respectively 0.013 and 0.152.
Plotting these values on the surface curve, the cross point provides the dielectric constant
and the dielectric loss factor which are 2.852 and 0.30, respectively. The essence of this
cross point is that only one sufficient condition or one cross point between the lines in the

surface curve of each polarization is needed to determine the complex permittivity of the
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excitation line passes through on the opposite side. Thus, it makes this geometry have
two aperture coupled: one is the driven slot and another one is the slot acting as the

reflector. In switching to the direction of -y, the main beam is quite directional, but there

still have back radiation. However, the measured results are comparable to those obtained
from the simulation. They confirm that the designed antenna is able to function in
reconfigurable the radiation patterns, but the back radiation problem should be improved
to enhance the performance of this antenna which remains for the further study. The

simulated gain of the directions+x, -x, +y, and -y are respectively equal to 2.4, 2.3,

1.3, and 2.2.

5.4 Summary

Further developed of the switchable antenna for a pattern reconfigurable antenna
to operate at the frequency of 24 GHz is presented. The designed antenna is constructed
on a single PCB by employing the SIW technique which the feeding and the radiating
segments are on the opposite side. The geometry consists of a cross slot rounded with
parasitic slots that all slots have PIN diodes etched on to reconfigure the radiation
patterns by setting the state of PIN diodes. At the cross slot configuration, the PIN diodes

performs in diverting polarization between x and y, whereas the PIN diodes on parasitic
slots function in switching direction between +x or —x and +y or —y. This antenna is

designed in the commercial electromagnetic simulation program, fabricated, and

measured to verify its performance: S,,, radiation patterns, and gain. The measured S,

shows that the resonant frequencies slightly shift from the frequency of 24 GHz, but they
are in good agreement with those simulated values in all cases of direction. While the
measured radiation patterns confirm that the designed antenna is able to function in
reconfiguring the radiation patterns to 4 directions around its geometry, but there are

quite a bit back radiation due to the leakage of electric field.



CHAPTER 6

| CONCLUSION
AND REMARK FOR FUTURE STUDIES

6.1 Conclusion

The use of switchable antenna is presented in this dissertation via the agricultural
application and the development of the antenna with the performance of reconfiguring its
radiation patterns by means of substrate integrated waveguide (SIW) technique. For the
application in agriculture, it is employed as a moisture content sensor of paddy in the
closed-loop drying system. Three new aspects concerning with this developed sensor are
presented: a new-closed form calculation of mutual impedance of perpendicular
configuration dipole antenna, a design of antenna structure, and an investigation to
enhance the performance of sensor. Moreover, the novel technique to characterize the
dielectric property of a material that detects only the magnitude of mutual coupling and
exploiting the configuration switching between parallel and perpendicular configurations
instead of measuring phase, is also presented. In the experiments, the obtained dielectric
properties are compared with the results from the work in literature and found that the
dielectric constants are comparable to the reference values, but there are significant
differences in the values of the dielectric loss factors since the structure of presented
sensor is not a closed boundary like the transmission line technique used in reference.
Therefore, error compensation is conducted to correct the results. Then, the feasibility of
applying it with a closed-loop drying system is validated by setting up a simple model
system. It shows good performance for in-situ and real-time monitoring.

In addition, the antenna whose configuration is like the cross geometry as of the
sensor is further developed by means of SIW technique to construct it on a single printed
circuit board (PCB). Each element of the cross geometry is attached with PIN diodes to
function in reconfiguring radiation patterns to 4 directions around its structure. To
reconfigure the radiation patterns, the parasitic elements around the cross geometry are

also attached with PIN diodes to switch the function between the director and the
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reflector like the Yagi-Uda antenna. With the advantage of reconfiguring radiation
patterns, this designed antenna has the potential to be a candidate in industrial

applications such as sensors for automotive or security and communication systems.

6.2 Remark for Future Studies

According to the experiment of applying a switch-configuration antenna for the
moisture content sensor of paddy in a closed-loop drying system, the results show that it
efficiently performs and is expecfed to use for in-situ and real-time monitoring. However,
the effect of temperature that may cause the uncertainty in measurement is not studied
and detailed in this dissertation. Thus, it should be further studied to enhance the
accuracy of this sensor. Moreover, the non-uniform distribution of moisture content
occurs in a huge amount of paddy in the rice mill. To solve this problem, the sensor may
be developed by exploiting an array of the switch-configuration antenna to measure at
many depths.

For the antenna developed for industrial applications, the radiation patterns are
not quite good due to the leakage between the successive via. This problem is caused by
the limitation of in-house PCB fabrication which the leakage can be prevented by
increasing the distance between the successive via. Furthermore, the limitation of
distance between the parasitic slot performing as the director and the parasitic element of
cross slot also affects the radiation pattern. Thus, it can be solved and developed in the

future studies by using the technique of meander line to shorten this distance.
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