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Introduction

Split-ring resonators (SRR) are electrical circuits
that are easy to manufacture and consist of only two
microstrip lines patterned on a printed circuit board
(PCB) to form a resonator. One of the two microstrip
lines is formed to a ring with a split that serves as the
sensitive region. The second microstrip line is used to
couple an electromagnetic wave into and out of the
split-ring structure. The split-ring structure works like
a RLC series resonant circuit where the conductor
and the polarization loses are the resistor R, the ring
is the coil L and the split is the capacitor C, see equa-
tion 1 for calculating the resonance frequency frese Of
the resonator [1,2]. Considering additional losses, a
shift of this resonance frequency is possible.
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At resonance frequency, the transmission through
the first microstrip line reaches a minimum since the
electromagnetic wave couples into the split-ring struc-
ture. The resonance frequency particularly changes
when the permittivity, polarization losses or conduc-
tivity of the split capacitor dielectric changes. With the
transmission line theory a good estimation of the re-
sulting resonance frequency f.es for a given sample at
the split capacitor C with a given complex permittivity
is possible, see equation 2 with [, being half of the
geometric ring length, v being the propagation veloc-
ity and Z; being the wave impedance of the ring struc-
ture [3].
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The capacitor in equation 2 also depends on the par-
asitic capacities between ground and the two mi-
crostrip lines C, and can be assumed following equa-
tion 3 with C,,, being the unloaded (air) split capaci-
tance and ¢, ,, being the real part of the relative per-
mittivity of the sample in the split.

C = Cp + Co'p " Elr_p (3)
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Therefore, SRRs are very sensitive to changes in
the dielectric properties of a sample at the split capac-
itor that sets the resonant circuit and can be used as
sensitive detectors to measure the properties of lig-
uids [4]. For highest sensitivity, the split capacitor
needs to be as large as possible in relation to the par-
asitic capacitances [3]. Therefore, we use an interdig-
ital finger structure to increase the split capacitance.

In addition to the resonance frequency, which is af-
fected by the properties of the split capacitor dielectric
and thus the sample at the split capacitor, the attenu-
ation and quality factor, respectively, is also a meas-
ure for any sample induced polarization and ohmic
losses. Without any liquid sample covering the sensi-
tive region of the SRR, the attenuation mainly de-
pends on the coupling between the two microstrip
lines, the losses in the used PCB material (mainly po-
larization losses), FR4 or Rogers, and on the geome-
try and material (ohmic losses) of the used microstrip
lines. Another effect to be considered is the fre-
quency-dependent skin effect. Due to the skin effect,
the ohmic losses in any conductor increase with in-
creasing frequency. At higher frequencies, the con-
ducting cross section of the conductor reduces and
the electric current concentrates near the surface. For
SRRs, this needs to be considered when the used
resonance frequency increases with reduced ring di-
mensions. For a real measured SRR with an geomet-
ric ring length of 48 mm, which corresponds to a SRR
resonance frequency of approximate 1.2 GHz (with-
out considering the capacitive extension of the ring
length), the skin depth can be calculated with equa-
tion 4 with p being the resistivity of the conductor, f
being the frequency, p being the permeability of the
conductor and ¢ being the permittivity.

_ 2 2 4
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For metals such as copper and the used frequencies
in the GHz range equation 4 simplifies to equation 5.
Equation 5 depends on the resistivity of the conductor
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p the frequency f and the permeability of the conduc-
tor p.

2p
= |-= 5
b fu )

At a resonance frequency of 1.2 GHz, the skin depth
for a full copper conductor is at 1.88 ym, for the nor-
mally used PCBs the track thickness of copper is
35 um. With additional coating e.g. chemical gold, the
thickness increases by another 3 ym to 6 um for the
nickel primer and 0.05 um to 0.1 um for the gold. With
this coating, the current concentrates in the thin gold
layer and partly in the nickel layer increasing the over-
all resistance. Furthermore, the nickel reduces the
skin depth due to its high permeability to 0.156 ym so
that the current concentrates in a very small cross-
section of the conductor (0.05 ym gold plus 0.151 ym
nickel). This increases the effective specific resistivity
of the track from 25.031 uyQ-mm for DC currents to
62.954 pQ-mm for 480 MHz and 76.146 uQ-mm for
1.2 GHz [5]. For lower resonance frequencies, the
ring length increases but the skin depth gets higher
so a larger cross section of the conductor is used, re-
ducing the resistance.

Methods and Materials

The standard measurement technique for the deter-
mination of the SRR properties such as resonance
frequency and quality factor is a broadband frequency
sweep using a vector network analyzer (VNA). The
VNA has the advantage of analyzing the SRR by
measuring the transmitted and reflected signals at the
inputs and outputs of the SRR. These measurements
are performed at several discrete frequencies in the
frequency range of the SRR.

SRRs can have many different topologies. They can
be round [1], quadratic [3] or rectangular [2]. How-
ever, the form of the split has the greatest variance in
literature. From the simplest form of a split [2] to a ta-
pered split [6], an extended split [7] and interdigital
structures [3], there are many different topologies.

In this work, we use three different quadratic SRR
topologies with cut-off edges, different ring lengths
and thus different resonance frequencies in the un-
loaded state (in air). All used SRRs are made of FR4
with 1.4 mm thickness and a gold plated copper layer
with 38.05 um to 41.1 um thickness depending on the
thickness of the coating. On the top side (shown in
Fig. 1), the two described microstrip lines are pat-
terned. The bottom side contains the ground plane. In
order to prevent the electric field from appearing be-
tween the split capacitor and the ground plane the
ground plane has been removed directly opposite the
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split capacitor. This is necessary to increase the elec-
tric field above the split capacitor so that the electric
field penetrates the sample. The top of the SRR, ex-
cept for the copper surfaces, are coated with solder
mask with a thickness of about 25 ym to prevent lig-
uid samples from penetrating the PCB substrate. For
highest sensitivity, the split capacitor area is in-
creased by an interdigital finger structure [3].

Capillaries for
inflow and outflow

Sealing ring
Fluidic channel
Drill hole for mounting

Sensitive area

" y-axis in Fig. 2

Fig. 1: Split-ring resonator #1 with the lid open (for
better visualization), which contains the fluidic
connection components.

SRR #1 (Fig. 1) has an length of edge of 32 mm and
6 fingers with a length of 5 mm, a width of 150 ym and
a spacing of 150 ym. SRR #2 has an length of edge
of 16 mm and 5 fingers with a length of 5 mm, a width
of 200 ym and a spacing of 200 ym. SRR #3 has an
length of edge of 14 mm and 4 fingers with a length
of 4 mm, a width of 500 um and a spacing of 500 uym.
Capillary fluidic interconnects are provided by a lid
made of polyetheretherketone. The lid is screwed to
the PCB covering the split capacitor and sealed with
a sealing ring.

Electromagnetic simulations performed in CST Mi-
crowave Studio® show that the electric field strength
of the three SRRs is between 100 kV/mm and
200 kV/mm in the plane of the split capacitors. This is
illustrated in Fig. 2 for SRR #1. The y-position is di-
rected from the lower edge of the PCB over the ca-
pacitor, the ring and the second microstrip line up to
the upper edge, see Fig. 1. The position of the capac-
itor is between -7 mm and -1 mm. The position of the
gap between the two microstrip lines is at 25 mm
therefore an electric field can also be determined at
that position. As seen from Fig. 2, only 500 um above
the plane of the split capacitor the field strength drops
by a factor of about 10. Thus, the part of a sample that
is above 500 um does not significantly affect the res-
onance frequency. Therefore, the lid has a cavity of
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just 800 um and thus properly covers the sensitive
area of the SRR.
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Fig. 2: Electric field of SRR #1 in the plane of the split
capacitor and 500 ym above simulated in
CST Microwave Studio®. The position of the
capacitor in y-direction (see Fig. 1) is be-
tween -7 mm and -1 mm.

Results

The three SRRs are compared by measuring differ-
ent amounts of glutamic acid in pure water (UHPLC-
MS grade, Sigma-Aldrich). The resonance frequency
fres, the quality factor Q and the attenuation at reso-
nance frequency were determined using a vector net-
work analyzer. If not otherwise state, the measure-
ment settings were as follows: The frequency steps
are set to 50 kHz, the bandwidth is 100 Hz and the
power 0 dBm. Thus, a measurement time of 83 s re-
sults for a frequency range of 500 MHz. The fre-
quency range is set specifically for each SRR
(50 MHz to 550 MHz for SRR#1, 100 MHz
to 600 MHz for SRR #2 and 250 MHz to 750 MHz for
SRR #3). The Sys-parameter over frequency for the
three SRRs with different concentrations of glutamic
acid in pure water is shown in Fig. 3.

The resonance frequency of SRR #1 does not differ
significantly. It ranges from 210.8 MHz for pure water
to 210.3 MHz for 4 g/l glutamic acid in pure water.
The quality factor decreases from 35.73 for pure wa-
ter to 18.45 for 4 g/l glutamic acid in pure water. Fur-
thermore, the maximum attenuation of SRR #1 also
decreases with increasing concentration of glutamic
acid from -1.63 dB to -0.89 dB. For SRR #2, the res-
onance frequency decreases with increasing concen-
tration from 316.3 MHz for pure water to 314.2 MHz
for 4 g/l glutamic acid in pure water. The quality factor
decreases with increasing concentration from 33.29
to 18.48. The attenuation also decreases with in-
creasing concentration of glutamic acid from -1.05 dB
to -0.65 dB. With increasing concentration of glutamic
acid in pure water, the resonance frequency of SRR
#3 decreases from 465.1 MHz to 462.8 MHz. The
quality factor decreases from 27.04 to 17.94. Finally,
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the attenuation decreases with increasing concentra-
tion of glutamic acid from -1.23 dB to -0.91 dB. The
above results are summarized in Table 1. Interest-
ingly, glutamic acid appears to have almost no influ-
ence on the resonance frequency. The main effect is
a decrease in the attenuation with an increase in the
concentration of glutamic acid. Thus, glutamic acid in-
creases the dielectric losses (polarization and ohmic
losses) rather than changing permittivity. From the lit-
erature it is known that glutamic acid significantly in-
creases the electrical conductivity of pure water from
5.5-10°S/m for pure water to 0.34 - 103S/m for a
concentration of 3 mmol/l or 0.5g/l, and thus to
0.116 S/m for a concentration of 27 mmol/l or 4 g/l
glutamic acid in pure water [8].
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Fig. 3: Sys-parameter over frequency for different
concentrations of glutamic acid (Glu) in pure
water with the three different SRR (SRR #1
(top), SRR #2 (center), SRR #3 (bottom)).

Since the three used SRR have different resonance
frequencies and different levels of attenuation, the
comparison of the performance of the three SRR with
different concentrations of glutamic acid uses the at-
tenuation at a SRR specific frequency rather than the
full frequency sweeps. Here, we use the respective
resonance frequency that results for pure water at the
split. The attenuation at this frequency for the different

134



SRRs and concentrations of glutamic acid in pure wa-
ter are plotted in Fig. 4.
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Fig. 4: Comparison of the three SRRs loaded with
glutamic acid in pure water, Sz21-parameters at
fixed frequency (resonance frequency when
loaded with pure water) plotted against the
concentration of glutamic acid.

The sensitivity 6S»; for glutamic acid in pure water is
0.115 dB/(mmol/l) for SRR #1, 0.044 dB/(mmol/l)
SRR #2 and 0.023 dB/(mmol/l) for SRR #3. Consid-
ering the noise 0, the limits of detection (LOD) are
calculated. The noise differs between the three SRR.
It was determined from 30 measurements. No aver-
aging was possible because of the long measurement
time using a VNA. For SRR #1 the standard deviation
is 0.0040 dB, for SRR #2 it is 0.0111dB and for
SRR #3 it is 0.0059 dB. Therefore, the limit of detec-
tion for glutamic acid in pure water is 105 ymol/l for
SRR #1 at fess =211 MHz, 751 pmol/l SRR #2 at
fres2=316 MHz and 765pumol/l SRR#3 at
fres,3 = 465 MHz.

Table 1: Summary of the results with the three differ-
ent SRR measuring glutamic acid in pure
water (glu4 refers to 4 g/l glutamic acid in
pure water).

SRR #1 #2 #3
fres,water [MHz] 210.3 316.3 465.1
fres,glus [MHz] 210.8 314.2 462.8
Quater 35.73 33.29 27.04
Quius 18.45 18.48 17.94
S21,water [dB] -1.63 -1.05 -1.23
S21,giu4 [dB] -0.89 -0.65 -0.91
5S21 [dB/(mmolll)] 0.115 0.044 0.023
on [dB] 0.0040  0.0111  0.0059
LOD [umol/l] 105 751 765
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Conclusion

Comparing the three SRR quality factors when
loaded with pure water, SRR #1 with the lowest reso-
nance frequency has the highest quality factor with
35.73, while SRR #3 has the lowest quality factor with
27.04 at the highest resonance frequency. This can
be explained by the skin effect increasing the ohmic
losses with increasing frequency rather than decreas-
ing the ohmic losses due to a decreasing length of the
ring with increasing frequency. Additional to the high-
est quality factor SRR #1 has the lowest limit of de-
tection of 105 ymol/l. Furthermore, it has the lowest
resonance frequency, which reduces complexity of
future measurement electronics for continuous re-
cording of the resonance frequency and attenuation,
see Lippmann et al. at Dresdner Sensor-Symposium
2022. Therefore, SRR #1 is best suited for the se-
lected application.
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