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Afbstrace - This papet presents a method to simplify the analysis of a square
patch microwave sensor built on a multi-layer substrate, The main featare of this
method is the simplification of a multi-layer senser structure into a sensor
structure with a single homogenous layer. The equivalent dielectric conseant for
the new single homogenous layer was determined using the method proposed in
this paper. Effecdvely it eliminates the problem of mode matching between
layers and thus reduces the amount of calculation and computing time. The
methad was compared with the experimental results and was found to give an

error less than 4 % in the worse case.

1. Introduction

Microwave sensors can be designed and
according to the given specifications can
take any form and shapes. In many
applications the microwave sensor is in the
form of a patch resonator. Some of these
resonators were fabricated onto a substrate
or onto multi-layer substrates, In order to
accurately predict the characteristic of these
resonator several method of analyses were
employed. In most applications, the analyses
require to solve the electromagnetic field in
each layer. A considerable number of
techniques to analyse the fields have been
reported in the published literature [1 —0]
and to date there are at least five techniques
available with varying degrees of accuracy
[6]. In the patch resonator applications,
some of the frequently used techniques of
analysis include the transmission line theory,
modal-expansion cavity model, spectral
domain integral equation and finite
difference tme domain, While rigorous
methods are more complete in that they
offer accurate radiation models, surface
wave effect and the field internal to the
patch, they are quite complicated and eannot
be readily implemented especially for
preliminary design work. It was reported
that the accuracy of the rigorous approach
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may not be much better than that of the
simple transmission line or cavity models
provided the latter are used within their
range of validity [6]. One draw back of these
simple models ie. transmission line and
cavity model, is that they are not efficient
when applied to a patch resonator built on a
mult-layer substrates as shown in figure 1.
Each mode in any particular layer has to be
solved and matched with an adjacent layer [7
— 8], This paper presents a theoretical
development backed with expetimental work
in an attempt to simplify the cavity model
analysis for mictowave sensor built on multi-
layer substrate.

Patch resonator

Multi-layer
substrates

Ground plane

Figure 1 A single square patch

microstrip resonator
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2. Equivglent permittivity analysis

For microwave sensor built as a single patch
resonator on 2 multi-layer structure as
shown™ in figure 1, the cavity under
consideration is the space between the patch
resonator or the conducting patch and the
ground plane. As a result, the usual
assumptions of the cavity model, which are
applicable for the patch resonator on a single
dielectric layer, have to be modified. The
modified assumptions are as follows;

1. Due to the close proximity
berween the conducting patch and
the ground plane, only transverse
magnetic (FM) modes are assumed
to exist. The 2z component of the

electric field is a function of z since

the cavity is 2 multi-layered.

2. The cavity is assumed bounded by
perfect electric walls on the top and
the bottom and by a perfect
magnetic wall along the edge.

3. Across the dielectric-dielecttic
interfaces, the tangential electric
field and the normal electric flux
density ate continuous.

Based on these assumptions and the
resonator as shown in figure 1, the
Maxwell’s equation in the cavity region take
the form

ngd =—jmp°dl9[d oy
Vxﬁd =.T+jt:usd)‘5-3d @
v.B, =0 3
V-ﬁdso ()

Whete indicates  the

subscript, d,
corresponding “d’th dielectric layer and B
and H are the Electric and Magnetic fields

respectively. The current source, ], in
equation (2) is assumed to be z independent
because of the thinness of the dielectric
layers. As a result, the continuity equation
V-J=—j(1)pEO. As a
consequence of this, the volume charge
density distribution is identically zero in the
region, which is the teason for writing

gives

V-gd =0 in equation (3). Taking the curt

of equation (1) gives, .

vxvxB, =vv.B)-v?E,
=—jop VxH,
=2+ 13 E, = jop,), 6

Where k; = w./[L,€; the wave number in
the dth dielectric layer. Solving the

inhomogeneous wave equation (5) is done
by firstly determining the eigenfuction @y,

which satisfy the following homogeneous
wave -€quation

(V2 + kjl }Pdi =0 (6)

Where the second letter in the subscript, |, is
the mode number. Without lost of generality
and to simplify the analysis, let consider a
microstrip patch fesonator with circular
shape constructed on two layers substrate as
shown in figure 2.

Figure 2. A microsttip patch resonator
with circular shape constructed on =~
twolayers substrate,

The ficld solution to equation (6) at a point
{p, @, 2) would be as follows,

In diefectric 1;

E, =C,J, (k,p)cosh pcos(B,(h—z)} (7
E,, = CBk"J (k,p)coshg sin(B,(k—2)) (8)
E,, =~Cyoo™16°], (k plsinhpsio@, (h-2)) ()
H, =-Gjogtp kY, (k psintpeol (h-2)) (10)
H, =-Cjogk T, (k,p)costpeodp, (h~2)) (1)
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where
ki =o’pe B 02
In dielectric 2 :
E,, =C,J, (kzp)_cosh pcosP,z (13)
E,, =—C,p,k;'T, (k;p)coshosinp,z  14)
E,, =C,n8,p7'k;'], (k,p)sinhesinB,z (15)
H,, =-C,jognp ;T {k;plsinfpeogs,z (16)
H,, =-C,joe,k;'J, {k,p)coshpcosp,z (17
where
k; =o'ng; By . (8§
On applying the magnetic wall condition at
p = a to equations (8) and (14) gives

CB/k;'T, (k,a)coshosin(B, (h - z)) =0

—C,B,k;'T, {k,a)cosh psin P,z =0

nin

=k, =k, =k, === (19

Where %,y is the mth root of J'n which is

the derivative of the Bessel function of the
first kind of order n. Applying the condition
that the tangential E and normal I must be
continuous across z = tz, gives

—CpP,p k2, {k,p)sinho sin(B, )
=C,nP,p k27, (k,p)sinh sin Bz,
=>-Cp sinh(B,t, ): C,B, Sin(ﬁztz) (20)

e,C.J, (kp )cosh ¢ cos Bz,

=¢,C,J, (kp Jeosh @ cos Byt

=¢g,C,cosPit; =€,C, cosP,t, 21
Assuming t; and t are to be small compated
to the wavelength, gives

- C,Bit, =C,Bit,
g,C, =8,C,

(22)
@3
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Using equations (12), (18), (19), (22) and {23)
the expression for resonant frequency is
given by,

g

£ (m:m“'ns! __kim H =(ﬁ),2muuaé —‘ke\m)tl
] .

et +€t
Q)nm:knm —_——2 G172 (25)
Vuaslﬁz(ﬂ +t2)

Comparing equation (25) with the resonant
frequency formula for a single layer
substrate, it can be said that the equivalent
permittivity of the two-layers substrate is
given by -

:Eléz(tz +tl) @6)

Dq (82tl+81t2)
-1
i, ot
Eq =+ (y+t) @
& &
For multi-layer substrates, the same

technique as above can be applied by
considering two layers at each time. In this
case equation {27) becomes:

Ntn

where  ta = height of the nth substrate
layer

—i N
'Ztn

n=]

@8)

En permittivity of the nth
substrate layer. :
3. The proposed simplified multi-

layer model

Extending the idea of equivalent permittivity
to the muld layer substrate and calculating it
using equation (28), the author proposed to
simplify the resonator structure as shown in
figure 1 into a resonator constructed on a
single equivalent homogenous substrate as
shown in figure 3 where the cavity model is
best applied.
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Figure 3, A single patch microstrip
tesonator  constructed on  muld-layer
substrate is simplified into a resonator
on single layer homogenous substrate.

The equivalent substrate is considered
lossless and has a permittivity given (28).
from the same equation (28) the equivalent
dielectric constant is given by

N t - N

= 20 (20 @
n=l Sm n=1

The height of the equivalent substrate is

taken to equal to the total height of the
substrates and is given by

te =itn (30),

n=l
The rest of the dimensions such as the width
and the length of the patch were unchanged.

4. Experimental work

Rectangular  patch  resonators  were
constructed on several multi-layer substrates
to test the proposed method. In all resonator
structures, the total substrate heights were
several time smaller than the operating
wavelength in  order to satsfy the
assumptions of the proposed method. For
teq much Jess than the operating wavelength,
the cavity model soludon for the =z-
component clectric field underneath the
square patch is given by [9]

Efxp)= L}( %.,(J%;W aﬁ)’%) (31)

For simplicity in fabricating thc coupling
structure of the resonators, direct conductor
connections were chosen in  this
experimental work, This simply means that
either direct microstrip line or direct probe
connection to the patch.

From equation (31) the input impedance is
given by

\v.m(x,y)
=T =—jop, ZZ % 1‘;" -

Several resonators were fabricated to test
the simplified model and figure 4(a) and 4(b)
shows two of them.

Resonator patch :
86mm * 76mm -

Pl

Eg=221
Ex=1,4

4

Resonator patch |
141mm * 86rmm

=324
ex=1,1

E3=22,1

=l

4b)
Figure 4 Microsttip patch resonators used

in this investigation
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5. Experimental and Calculated
Resuits

A npetwork analyser was employed to
measure the return loss versus frequency
characteristic of these resonators. Table 1
and table 2 summarised the result obtained
either from calculation or experiment, These
comparison results show a close agreement
between calculated and measuted data. The
worst case shows a discrepancy of less than
4% for mode resonant frequencies TM,y,
TMay, TMpz TMzg and TM;,.

6. Conclusion

1t can be concluded that using the simplified
multi-layet  model the ealculation of
equivalent permittivity is easily done and this
value can be used to analyse a simple
resonator structure on mult-layer substrate.
The problem of solving the modes in each

Table 2 Summary of the results obwined for
resonator 4(b)

dielecti® having height calculated using
equation (29).

Table T A Summary of the results obtained
for resonator 4(a)

Mode frequencies (GHz)
Calculated values Measured values
TMw | TM | T™M: | T™M: | TM { TM:
ot 1 [ a '
Resonat
ot 4{a)

e =15 13 [ 203 | 150 | 13 | 203
1.56mm | 8 50 2 9 59 3

2 =] 153 13 205 | 153 | 13 2,08
2% mm | 2 74 7 3 34 3

For resonator 4{a) t; is equal to 1.59 mm

For resonator 4(b) t and t4 are equal to 1.59
mm and 0.25 mm repectively

Mode frequencies (GHz) ]
Calculated values Measured values
TMig | TMor | TMis | TMypo | T™Mer | TMy

Resonator 4(b)

t; = 0.02 mm 1.347 [ 1.083 2166 | 1326 |1.094 | 2125
8 t3 = 0.635 mm

Resonator 4(b)

tz = 0.04 mm 1244 ] 0995 | 1.991 1236 | 1.012 { 1.961
& =127 mm

layer of substrate is simplified to solving just
the modes in a single layer. The probiem
with  mode matching is eliminated
completely which in turn reduces the
amount of calculation and computing time.
Using one substrate of high value dielectric
constant, &4 say, this investigation shows
that other substrates having dielectric
constants less than €x can be simulated by
combining it with an appropriate layer of air
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