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Coupled ring resonator for microwave
characterization of dielectric materials

MAHIMA KAPOOR, K. S. DAYA AND G. S. TYAGI

In this paper characterization of dielectric materials in liquid and powder phase using concentric closed and split ring reso-
nators of length A, A/2, and A/4 is reported. Experimental results have been validated by simulations and theoretically mod-
eling. Sensitivity of the resonator with closed rings was maximum. Experimentally extracted values of dielectric constant of
ferrite ranged from 14.05 to 15.1 with closed ring resonators and from 13.6 to 14.02 with split ring resonator, respectively. For
spirulina platensis the dielectric constant was lying in the range 1.78-1.93 and 1.74-2.04 with closed ring and split ring reso-
nators, respectively. The values extracted experimentally are in good agreement with simulation and theoretically found
values. However, the values obtained from closed ring resonator were in agreement with the dielectric constant values of

ferrite and spirulina platensis.
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. INTRODUCTION

Material characterization is an important field in microwave
engineering and is used in the system design of high-speed cir-
cuits to satellite and telemetry applications [1]. Every material
has a unique set of electrical characteristics that are dependent
on its dielectric properties. Accurate measurements of these
properties can provide scientists and engineers with valuable
information to properly incorporate the material into its
intended application for more materials designs or to
monitor a manufacturing process for improved quality
control. Several measurement techniques for dielectric prop-
erties have been reported in the literature [1-4] and can be
classified into transmission-reflection and resonance tech-
niques. The resonance techniques do not have the swept
frequency capability. Unlike resonance techniques, the trans-
mission techniques usually have the sweep frequency ability
for the measured frequency range. The transmission and/or
reflection signals are always tested to calculate the dielectric
properties of the specimen. However, the resonance
techniques are more accurate than the transmission tech-
niques, especially in calculating small loss tangent or loss
factors, therefore resonance techniques are widely used. In
this paper, dielectric constants of liquid- and powder-phase
dielectric materials are calculated using the resonance tech-
nique using coupled closed and coupled split ring resonators.
Closed coupled rings have shown greater sensitivity in com-
parison with coupled split ring resonator. Results have been
validated with simulation and theoretical modeling.
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Il. DESIGN

Concentric circular resonators were designed on an FR-4 sub-
strate with thickness of the substrate 1.1 mm, and dielectric
constant 5.5. Total length and width of the substrate are
84.16 and 41.08 mm, respectively, and are fed through micro-
strip line capacitively, satisfying the resonant condition

2mR =nlg, forn=1,2,3, (1)
where R is the mean radius of the ring and # is the harmonic
order of the resonance. Calculated [3] mean radius of first,
second, and third concentric rings are 15.85, 7.926, and
3.96 mm, respectively, with uniform thickness of 1.77 mm.
These concentric ring resonators were capacitively fed
through a gap of 0.4108 mm by a microstrip line of length
24.9 mm. Schematic of resonators is shown in Fig. 1.
Coupling between the feedline and the ring must be taken
into consideration because its capacitive effect can change
the resonance frequency significantly [5]. Here the coupling
gap between the feed line and ring is represented as a
network capacitance C, and ring is represented by a shunt
circuit consisting inductance (L,) and capacitance (C,). In
the split ring resonators one more network capacitance C is
added in the shunt circuit of the ring. Figures 2(a) and 2(b)
show the closed coupled and split ring resonators and their
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Fig. 1. Split and closed coupled ring resonators of the wavelength A, A/2, and
A/4 and with the coupling gap 0.41 mm.
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Fig. 2. (a) Parts (i), (ii), and (iii) show the structures and the equivalent lumped circuits of the 1CRR, 2CRR, and 3CRR, respectively. (b) Parts (i), (ii), and (iii)
show the structures and the equivalent lumped circuits of the 1SRR, 2SRR, and 3SRR, respectively.
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equivalent lumped element circuits. C, and L, represent the
capacitance and inductance between the two rings,
respectively.

. EXPERIMENTAL AND
THEORITICAL ANALYSIS

Two materials spirulina platensis-Gietler in semisolid phase
and ferrite in powder phase were subjected to characterization
for dielectric constants and loss tangent in the L-band. First
the frequency response of the Closed Ring Resonator (CRR)
and Split Ring Resonator (SRR) without the spirulina
platensis-Gietler and ferrite were studied and then followed
by the frequency response of the CRR and SRR with spirulina
platensis-Gietler ~ and  ferrite  have been  studied.
One-millimeter-thin layer of sample was loaded onto the reso-
nators and characterization of the sample was done using shift
in resonance.

In the first step complex permittivity and loss tangent of
the substrate is calculated. Loaded quality factor Q; is com-
puted using the following relation from the observations:

_ b
Af’
where f, is the resonance frequency, Afis the 3 dB bandwidth,

and Qy is the unloaded quality factor that depends on total
insertion loss (IL) of the system and can be estimated using

QL (2)

Qu = Qu[1 — 107> (3)
Total loss of the resonator is inverse of loaded quality factor,
which is the sum of losses due to the dielectric component,
conducting component, and the losses of the resonator
without any external load. Here (1/Qp) is the direct measure
of the loss tangent of the materials loaded to the resonator.
In the present study, conductor loss is neglected due to very
high conductivity of the copper deposited on the substrate:

1

Q¢

QA Q

1 1 1
—+—+

% (4)

The loss tangent tan S(spstrare) 1S calculated using the following
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relation:

1

(5)

————— = p, tan Supstrate)>
QD(substmte)

where p, is the energy filling factor which is the ratio of
average energy stored in the specimen to the average energy
stored in resonant structure. Loss tangent in equation (5)
can be related to the real and imaginary parts of permittivity
as follows

"
tan 6(substmte) - ? > (6)
where for ¢ is the dielectric constant of the substrate of CRR
and SRR.
The inaccuracy of the dielectric constant of the substrate
does not affect the measurement because the effect of the sub-
strate’s dielectric constant gets canceled as shown in

1 1 1

= - . )
Q(sumple) Q(samA+subs.) Q(subs.)
Using equation (5), equation (7) can be rewritten as
ptan 8(sample) = p, tan 8(sam.+subs.) - P, tan 8(sub&)> (8)

where p is the energy filling factor of the sample, and p, and p,
are the energy filling factors of the substrate with the sample
and the substrate alone, respectively. Values of the filling
factor are chosen empirically on the basis of transmission
loss and values of quality factor on loading the resonator
with the sample [10].

V. RESULTS AND DISCUSSION

Figures 3(a)-(c) show the simulated results for spirulina
platensis-Gietler (in semisolid phase) and ferrite (in powder
phase) using Computer Simulation Technology (CST) micro-
wave studio software for coupled 1, 2, and 3 CRR at 1.5 GHz.
Resonance frequency response of the 1CRR of length A, 2CRR
of length A and A/2, and 3CRR of length A, A/2, and A/4 with
and without spirulina platensis-Gietler (in semisolid phase)
and ferrite (in powder phase), as shown in Figs 4(a), 4(b),
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Fig. 3. Shows the simulated results with CRRs: , CRR without any load; _ _, _ _ CRR loaded with ferrite; and
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Fig. 4. Shows the experimental results with CRRs: , CRR without any load; _ _ _ _ . CRR loaded with ferrite; and - - - - - , CRR loaded with Spirulina.

and 4(c), respectively were taken by the vector network analy-
zer (ZVA 50 Rohde & Schwartz). Figures 5(a), 5(b), and 5(c)
show simulated results in which the shift in frequency
response of 1SRR of length A, 2SRR of length A and A/2,
and 3SRR of length A, A/2, and A/4 with and without spirulina
platensis-Gietler in semisolid phase, respectively. Figures 6(a),
6(b), and 6(c) also show experimental results of the shift in
frequency response of 1SRR of length A, 2SRR of length A
and A/2, and 3SRR of length A, A/2, and A/4 with and
without spirulina platensis-Gietler (in semisolid phase)
ferrite (in powder phase), respectively.

Extracted values of effective dielectric constant for spiru-
lina platensis-Gietler and ferrite, from simulation and exper-
iment are given in Table 1. The predicted results for CRR
are within 45% accuracy and the SRR accuracy factor goes
up to +10%. The results clearly show that closed resonators
have better accuracy as compared to the split resonator.
Higher sensitivity of CRR can also be explained by the
lumped element circuits of the ring. The quality factor of
the parallel RLC circuit is calculated by the following equation:

1 /L

=-\c

(9)

where R is the total resistance, C is the total capacitance, L is
the total inductance, and Q is the quality factor of the parallel
RLC circuit.

Cr, L1, and Ry are total capacitance, total inductance, and
total resistance of the ring, respectively, and Q is the quality

factor of the ring. L, and C, are the mutual inductance and
capacitance between the rings, respectively, and L,, L,,, and
L,, are the inductance of the rings of length A, A/2, and A/4
are calculated using their lumped element circuits are given
below (from Fig. 2).

The equations above and the equivalent circuit diagram
elucidate the reason for higher sensitivity of CRR as compared
with SRR. The effective capacitive reactance of the rings
increases due to additional gap capacitance resulting in
higher losses and poor sensitivity. This could be a reason for
lowest sensitivity in 3SRR. Further, from the theoretical
model it is clear that due to the presence of split, inductance
decreases in SRR as compared to CRR (as shown in Table 2).

Thus, the gap capacitor of SRR plays an important role in
deciding the sensitivity. The reported [6, 7] dielectric con-
stant of lithium zinc titanium ferrite and spirulina
platensis-Gietler is 15 and 1.9, respectively. Experimentally
measured dielectric constant of ferrite and spirulina
platensis-Gietler is 14.17-13.68 and 1.76-1.92 with the accu-
racy of +5% using closed ring resonator. With SRR values of
dielectric constant were found to be in the range 15.1-13.6
for ferrite and 1.74-2.04 for spirulina platensis-Gietler,
respectively, with the +10% accuracy (as shown in Tables
1 and 2). Values of p, for spirulina platensis-Gietler were
0.014, for ferrite were 0.1, and value of p, for substrate
alone were 0.04, lower value of filling factor in the case of
spirulina platensis-Gietler is due to decreases in Q values
and in the case of ferrite filling factor is greater than the
value of filling factor of substrate due to increase in quality
factor because quality factor is a direct measure of energy
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Fig. 5. Shows the simulated results with SRRs: , SRR without any load; _ _ _ _, SRR loaded with ferrite; and
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Fig. 6. Shows the experimental results with SRRs: , SRR without any load; _ _ _ _, SRR loaded with ferrite; and - - - - - , SRR loaded with Spirulina.

Table 1. Calculated dielectric constant of spirulina platensis-Gietler and ferrite for different types of resonators using experimental and simulation

results.

Type of ring resonator

Dielectric constant of spirulina platensis-Gietler

(&)

Dielectric constant of ferrite (£')

Simulated results

Experimental results

Simulated results

Experimental results

CRR of length A 1.9 1.92 15.1 14.6

CRR of length A and A/2 1.93 1.84 14.76 14.05
CRR of length A, A/2, and A/4 2 1.788 14.39 14.17
SRR of length A 1.74 1.75 13.8 13.68
SRR of length A and A/2 1.76 1.76 13.6 14.01
SRR of length A, A/2, and A/4 2.04 1.76 14.32 13.78

Table 2. Calculated dielectric constant of spirulina platensis-Gietler and ferrite for different types of resonators using simulation and theoretical model.

Types of the Total Total Total For ferrite spirulina platensis-Gietler
ring resonator resistance inductance  capacitance
Q) (mH) (mF)

Dielectric Error% w.r.t. Dielectric Error% w.r.t.
constant (¢') simulation result constant (¢/) simulation result

CRR of length A 2.36 X 10 > 85.79 892.49 15.05 0.30 1.91 0.5

CRR of length A and A/2 236 X 10 °  42.86 1332.71 14.77 0.06 1.88 2.5

CRR of length A, A/2,and M/4  2.36 x 107 °  39.36 1551.37 14.43 0.20 1.91 0.6

SRR of length A 236 X 10 °  85.72 911.48 13.84 0.28 1.8 3.4

SRR of length A and A/2 236 X 10 °  42.82 1370.64 13.66 0.40 1.82 3.2

SRR of length A, A/2, and M4 2.36 X 10°°  39.34 1608.29 14.32 0.22 1.76 3.7

stored in dielectric material as evident from Table 3. The
comparison of accuracy of CRR and SRR with the cavity per-
turbation [8, 9] is given in Table 4.

Results are compared with the ones from theoretical model
as shown in Table 2. From the analysis CRRs were found to

Table 3. The comparison of the achieved accuracy in the present method
with the cavity perturbation methods.

Method Accuracy (%)
Closed ring resonator 5

Split ring resonator 10

Cavity perturbation [8] 6

Cavity perturbation [9] 4-7

have more accurate predictability as compared to SRR.
Results obtained in this paper were also in agreement with
the earlier published results [6, 7].

Table 4. Quality factor of unloaded and loaded CRRs and SRRs.

Type of ring resonator

Quality factor

Unloaded With Spirulina With ferrite

CRR of length A

CRR of length A and A/2
CRR of length A, A/2, and A/4

SRR of length A

SRR of length A and A/2
SRR of length A, A/2, and A/4

379 370
377 397
377 356
408 398
403 399
405 398

471
479
485
423
316
418
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V. CONCLUSION

This paper presents the comparative study of dielectric charac-
terization of closed and split ring resonator. Two different kinds
of samples, viz. ferromagnetic in powder form and bio sample
in semi-liquid forms, were taken. The analysis shows that
measured values of dielectric parameters using CRR were
more accurate than SRR. Experimental results were validated
by simulations of the experimental design on the CST micro-
wave studio. The method proposed herein can be used for the
dielectric characterization of liquids and solids in powder phase.
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