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ABSTRACT:

This paper develops a permittivity measurement method using a multilayer microstrip structure. It
provides modeling and analysis of the proposed structure. The employed method introduces new
blocks in the multilayer microstrip model, which can cause more accurate characterization results.
These blocks are for modeling the effect of different layers of the transmission line including the
material under test and the other layers. Here, a multilayer planar measurement kit is provided for
extracting the dielectric parameters of different materials. This measurement kit can measure relative
permittivity as well as loss tangent for dielectrics. In addition, this kit can be used for
characterization of solid and liquid dielectrics. The measurement setup is typically designed and
fabricated for 2 GHz frequency, although it can cover higher frequencies e.g. X bands. The
dominant mode and the higher order modes of the resonator can be used for measuring the
material’s parameters in a wide range of frequency. The analytic, simulation and measurement
results illustrate good agreement with each other, which confirms the accuracy of the proposed

routine.

KEYWORDS: Analytical models, Dielectric measurement, Material properties, Microwave
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1. INTRODUCTION

Nowadays many different techniques are introduced
for measuring electromagnetic parameters of materials.
Most of the resonator-based measurement approaches
employ waveguides [1-8], cavities [9-12], dielectrics
[13-16] and transmission lines [17-21]. Another
interesting  technique for measuring dielectric
properties is using ring resonator structures. The ring
resonator is a ring shaped transmission line having
several wavelengths length to avoid mutual inductance
effects. The first microstrip ring resonator application
was proposed by Troughton [22] for determination of
phase velocity and dispersive characteristics of a
microstrip line. For multi-layer structures, in 1968, [23,
24] developed a closed-form formula based on a
variational calculation of the line capacitance in the
Fourier-transformed domain to compute the effective
permittivity of the multi-layer microstrip-like ring
resonator and hence the resonant frequencies for
several test materials. In 1992, Svacina proposed a new
procedure  for calculating effective  complex
permittivity and characteristic impedance based on
conformal mapping [25, 26]. Analysis of microstrip
ring resonator in multi-layer structures was reported in
[27] with metal sheets in top and bottom.

A suspended ring resonator for dielectric constant
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measurement of foams is discussed and measured in
[28, 29], that inspired by them, in this paper, a structure
is proposed for a wide range of materials under test. In
addition, accurate multi-layer analysis of this structure
is described. The proposed structure is divided into a
few parts and each part is modeled by its network
matrix. Then, each section is analyzed to present the
complete model of the whole structure. As a case study,
the proposed structure is fabricated in S band, whose
measurement results validate the analysis results very
well.

2. STRUCTURE MODEL

The top view of the building blocks of the
employed structure which is based on a ring resonator
is shown in Fig. 1. A detailed version of side and top
views of the proposed structure is shown in Fig. 2. This
structure consists of two feed lines, which are located
on the top of the lowest layer. The ground plane is in
the bottom of the lowest layer. The feed lines are
separated from the ring with two gaps (labeled with A)
in two sides of the ring. The feed line and ring widths
are respectively shown by Wy and W;.. In this structure,
the sample matter covers the feed lines and the ring. L,
is the length of feed lines which is covered by sample
and other layers. The radius of internal and external
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circles of the ring are respectively shown by R; and R,.
hy, h, and h; are thickness, €;, €, and €5 are relative
permittivity and &;, §, and &5 are loss tangent of the
layers from bottom to top, respectively.

In this structure, as shown in Fig. 2 (a), the ring is
located at a different level than the feed lines, and the
sample exists as a separator between the ring and feed
lines. So, the coupled field path is closed through the
sample material. As a result, it is considerably affected
by the sample material.
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Fig. 1. Multilayer microstrip measurement kit based on ring
resonator and its blocks.
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Fig. 2. Parameters of the proposed structure (a) Side view of
the structure (b) Top view of the structure.

3. THEORY AND ANALYSIS

For a multilayer structure, [25] gives the complex
effective permittivity of layers and [26] presents
characteristic impedance of the transmission lines. The
complex relative permittivity of each layer is well
known as:

€rc, = €,,(1 — jtandy) @

where i = 1,2,..., N which are the indexes of layers. €,

is relative permittivity of the i*" layer and tand; is loss
tangent of the it layer. It is noticeable that we can
express the complex permittivity versus its real and
imaginary parts, or equivalently express it versus the
real part and the loss tangent. Here the latter approach
is followed.

Port 2

Reference [25] defines effective permittivity of a
multilayer structure based on conformal mapping
method. The ratio of W to h is defined as a parameter
of calculation of complex effective relative
permittivity, where W is the width of transmission line
and h is the height of the feed line from the ground
plane. It is assumed that there are M layers bellow the
transmission line and N layers above it. For W > h, the
effective width of the transmission line is defined as:

@
W, =W +2—h In {17.08(% + 0.92)}

T

©)
where i =1,2,...,M — 1 are indexes of layers bellow
the transmission line. q; is a parameter which is used in
the continuation of the paper. H; is defined as the ratio
of height of upper support of the it" layer from the
ground plane to height of transmission line from the
ground plane (4).

1 i
Hi :thk
k=1

where hy, hy, ..., h; are the height of substrate 1,2, ..., j
respectively.
For the M®" layer, the g,, is calculated as (5).

h [ 2w, ®)
Om i‘-‘mln{ he _1}_QM—1

e

4)

For layers above the transmission line we have:
bl
a; = Inj —%—
2W, h

e

h(2Hj —1+V,

—(1+V;)In| 2w,

(6)
where j =M +1,...,N — 1and V; is given by (7).
U]

=2 n ="y —
I/}-—ntan <nWe_2(H1 1)).

qy is obtained by (8) where N is the index of the
upper layer of the stack.
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M

N-1
qN=1—Z q; — Z q;

i=1 j=M+1

(8)

The corresponding equations for W < h are:

©)
oA 1+£_£CO31[W_ JA }
ZIn{Sh} 4 2 8hH;
W

09 (10)

W 11)

O.9+%In(Bj)cos‘1 1—H78h \/E

=T (Shj

1+H;

Hj+ﬂ—1
4h

i

Finally the effective relative permittivity of multi-
layer stack is:

N 2 12
— (Z?il qi)z + (Zj:M+1 q]) ( )
e oym  4i v 4
i=1 Eri j=M+1 Erj
Characteristic impedance is given by [26]:
120mh 1
W=h= ZO = ( 3)
W, /€.,
W<h=7Z 60 1 8h
= —— n_
° Jer, W

The propagation constant i.e. y of the transmission
line is calculated by:

Y = jw,/Ho€oEr, (14)

For analyzing the proposed measurement Kit,
volume under the sample is divided into 5 parts i.e.:

1. Length of the left transmission line which is
covered by the sample material

2. The left gap between transmission line and the
ring

3. The ring resonator

4. The right gap

5. Length of the right transmission line
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The feed lines are 50 Q microstrip transmission
lines. In continuation of the paper, each of these parts
are modeled by ABCD or transmission matrix
parameters.

3.1. Left and Right Feed Lines

On the left and right feed lines of the structure
where feed lines are wunder the sample, the
characteristic impedance of feed lines changes. The
characteristic impedance is calculated by (1) to (13),
where W = W, which is the feed line width, and h is
the height of the bottom layer. The characteristic
impedance of feed lines is shown by Zo, Since ¢,, (in

distance Lg) is complex, the transmission line is lossy.

Considering this loss, the ABCD matrix is given by
[28]:
A B (15)
c D Left/Right Lines

cosh(ysLs) Zofsinh(nyf)

=1
——sinh(yfL¢)  cosh(ysLs)

3.2. Left and Right Gaps

The feed line and ring resonator have a capacitive
coupling with each other [29]. Therefore, the left and
right gaps can be modeled as shown in Fig. 3.

Cg Cg

T | T T | T
T " T° S

Left Gap Right Gap

Fig. 3. Network models of the left and right gap.

The ABCD matrix of the left gap is easily
calculated as:

C

1+~ - L

{A B} Cy JaCy
C D - Cp xC C
LeftGa | | Cp +Cp yRTTR g TR

1 2 Cg Cg

(16)
and similarly that of the right gap is:

142 - L
|:A Bj| _ g Ja)Cg
P RigtGep | ol Cp +Cp +—CPl xCe, 1+ Cr,

1 2 Cg Cg
A7)



A Multilayer Structure Including a Ring Resonator for Measuring Permittivity of Lossy Materials

In these equations, calculation of the capacitors
necessitates having e,, which is the effective complex
permittivity of the feed line in multilayer structure,
which by itself is calculated from (1) to (12). The
typical values of the elements for our case study are
Cp1 = 1360 fF, C,, = 1360 fF and C, = 850 fF. It
is noticeable that, the ring resonator and feed lines are
in different levels so the parallel capacitor must be
divided into two capacitors [29] as shown in Fig. 4.

. T T |
i @ ey
[ T | 1
R
| | |
______ ]
| = | |
| Cp]_ €Erel I €Ere2 == leZ
| | |
} l l
Left Gap

Fig. 4. Dividing the gap capacitor into two equivalent
capacitors in the network model of the gap.

The left gap model used for this structure is shown
in Fig. 4. For this structure, C, and Cg, are calculated
using effective permittivity of the feed line (e,,,) and
Cp, and C4, are calculated using effective permittivity
of the ring resonator (e,,,). At last, the C, is obtained
by series combination of C,, and C,, as given in (18).

C.C,, (18)

C =t
Cgl + ng

For the right gap, the mirror of the model in Fig. 4
must be used.

3.3. Ring Resonator

In two-port network analysis of the ring resonator,
we consider it as two parallel transmission lines.
Therefore, using the ABCD matrix in (15), the Y
matrix is given by:

1

—1| coth(y, 1, )+coth(y,I
{Yn le}— 7, ()0 rt)]
Y13 Y14

Z_—l[csch (7:h)+csch(yl,)]
0,

Z_—l[csch (7:h)+csch(yl,)]
0,

1
Z[coth(yr|1)+coth(yr|2)]

(19)

where Z, s characteristic impedance of the ring and
l; =1, =nR,, is the half circumference of average
circle in the ring. In other words, R,, is radius of
average circle, i.e. Rq, = (Ry + R;)/2. Z,, and y, are
calculated from (1) to (13). It is noticeable that
W =W, is the width of ring and h = H; + H, is the
height of bottom layer plus that of the sample.
Considering I; = 1,, (19) can be reduced to:

2(e +er) .

{Y“ Yl?} _ Zo, (eyrl _e—m) Z,, (em —e—hl)
Yo Yo 4 2(e7,| +e’yr')

__ Zor (e7r| _e_}’rl) ZO, (ey,I _e )_

(20)

where | = [; = [,. Finally, by converting Y matrix to
ABCD [30], the ABCD matrix is obtained as:

(e”' +e7! ) Z, (e”' —e7 ) (21)

A B _ 2 4
|:C D:|Ring B (e%l_e*hl) (eyf|+e’7f|)

Z, 2

N

3.4. Device Model
According to the obtained matrices, whole ABCD
matrix of the device is given by:

{A B} _{A B} {A B}
c D Device c D Left Line c D Left Gap

{A B} {A B} {A B}
CD Ring CD Right Gap CD Right Line

(22)
from which, S, is calculated by:
2 (23)

A+E+CZO+D
Zo

S21 =

3.5. Model parameters

For the proposed structure, the geometrical and
physical parameters are shown as Table I.

It should be mentioned that the feed lines and ring
resonator are implemented on FR4 substrates, which is
a very cheap and available PCB.

4, MEASUREMENT AND RESULTS

Here, the analytic results are compared with the
simulation and measurement results. The simulation is
done with CST Microwave Studio software. It is well
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known that variation in relative permittivity can cause
frequency shifting in return loss response of the
structure. Comparison of simulation and analytic
results of permittivity has been done for tand = 0.01,
and is shown in Fig. 6, which shows very good
agreement between the simulation and analytic results.

The €' of MUT can be extracted from measurement
of the frequency shift. Similarly, €' or loss tangent is
measured from bandwidth or the amplitude decreasing
rate of S,,.as will be discussed in the continuation of
the paper.

Increase of loss tangent decreases the amount of
amplitude in a given resonant frequency. The
decreasing rate of amplitude of simulation and analytic
results (for €, = 1.5) is compared in Fig. 7. As seen,
the two decreasing rates are the same.

The influence of loss tangent on S,, parameter is
presented in Fig. 8. The loss tangent is extracted from
(24) where f, is the resonant frequency and BW, is
bandwidth around the resonant frequency.
tans = 22 (24)

BW,

This structure is fabricated and measured as shown in
Fig. 9. In this measurement, the MUT is a composite
with h, = 1.1mm, €, = 1.3 and tané = 0.015. Fig. 10
depicts the measurement, simulation and analytical
results of transmission parameter, i.e. S,;, of the overall
structure. A good agreement between analytic and
measurement results are observed. Similarly, Table 2
shows that the permittivity of the three methods match
well with each other.

z

"o

Fig. 5. Implementation of the Structure in CST Microwave

Studio.
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Fig. 6. Resonant frequency variation with variation of e,..
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Symbol | Quantity Description
Transmission Line covered
L rsemm T ith MUTL
Wr 1.55 mm Width of the Feed Line
W, 1.55 mm Width of the Ring Resonator
15.062 Inner Radius of the Ring
R,
mm Resonator
R 15.5526 Outer Radius of the Ring
2 mm Resonator
A 0.2 mm The G_ap Between Feed Line
and Ring
h, 0.8 mm Thickness of the Lower Layer
43 Relative Permittivity of the
€1 ) Lower Layer
5 0025 Tangent Delta of the Lower
Layer
h, 0.8 mm Thickness of the Upper Layer
Relative Permittivity of the
€3 4.3 U
pper Layer
5, 0025 Tangent Delta of the Upper
Layer

Table 1. Parameters of the proposed Structure.
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Fig. 8. Amplitude variation rate at the resonant frequency for
some loss tangents.

Fig. 9. Measurement setup for the fabricated circuit.

5. CONCLUSION

Designing a general purpose, simple, cheap and
accurate measurement setup with minimum physical
limitation has been discussed. This goal was achieved

by a multilayer ring resonator structure. The MUT was
sandwiched between two substrates. A ring resonator
including two gaps was used for measuring the
parameters of the dielectric under test. The results show
that a very good agreement exists between
measurement, CST Microwave Studio simulation and
analytic results. The proposed routine can be used for
characterization of both solid and liquid materials.

0.04

Measurement L]
= = =Simulation
————— Analytical

0.03

0.02 +

0.01

[Syq | of Mulyilayer structure

0 S —————
1 12 14 16 18 2 22 24 26 28 3
Frequency (GHz)
Fig. 10. Comparison of measurement, simulation and analytic
results of S,;.

€r tand
‘Real Values | 1.3 | 0.015 |
Simulation 1.34 0.016
Analytic 1.28 0.013

Table 2. Measurement, Simulation and Analytical Values of
permittivity.
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