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Introduction 

Split-ring resonators (SRRs) are structures that orig-
inate from the field of metamaterials and can induce 
effects such as negative permittivities and permeabil-
ities [1]. However, there is an increasing use in vari-
ous fields of sensor and measurement technology [2–
4], since SRRs allow highly sensitive detection of the 
electromagnetic properties of a sample at or near the 
split capacitor. SRRs are simple electrical resonant 
circuits consisting of a transmission line and a ring 
structure with a split. Fig. 1 shows a schematic of a 
SRR and an equivalent simple electrical equivalent 
circuit. 

 
Fig 1: Schematic of a split-ring resonator (left) and a 

simple electrical equivalent circuit (right) with 
the line resistance 𝑅𝑅L, the coupling capaci-
tance 𝐶𝐶K and the impedance of the ring con-
sisting of 𝑅𝑅SRR, 𝐿𝐿SRR and 𝐶𝐶SRR. 

Assuming that the parasitic inductance and the ca-
pacitance to the ground of the transmission line are 
small compared to the capacitance to the ring, the 
transmission line can be approximated as an ideal 
ohmic resistor 𝑅𝑅L, which is linked to the ring structure 
via the coupling capacitance 𝐶𝐶K. The ring structure it-
self forms an RLC resonant circuit consisting of the 
inductance of the ring 𝐿𝐿SRR, the ohmic resistance of 
the ring 𝑅𝑅SRR, and the capacitance 𝐶𝐶SRR. In this case, 
the capacitance 𝐶𝐶SRR includes the capacitance of the 
split as well as the parasitic capacitances against the 
ground and the environment. Typically, SRRs are 
characterized via a transmission measurement, i.e., 
the amplitude ratio of received and transmitted wave. 

Off resonance, most of the introduced power is trans-
ferred through the transmission line, while in reso-
nance, power transmission is significantly diminished 
[5]. According to the electrical equivalent circuit from 
Fig 1, the resonance frequency of an SRR 𝑓𝑓res,SRR can 
be determined with the inductance 𝐿𝐿SRR of the ring 
and the total capacitance 𝐶𝐶ges =

𝐶𝐶K⋅𝐶𝐶SRR
𝐶𝐶𝐾𝐾+𝐶𝐶SRR

 as shown in 
Eq. 1. 

 𝑓𝑓res,SRR =
1

2𝜋𝜋 ⋅ √𝐿𝐿SRR𝐶𝐶ges
 (1) 

Since the inductance mainly depends on the geo-
metric dimensions of the ring and is thus almost con-
stant, changes in the resonance frequency of the 
SRR are directly related to a change in the split ca-
pacitance. The split capacitance depends on the ge-
ometric dimensions and on the permittivity of the die-
lectric at the split capacitor 𝐶𝐶Split. Considering the 
damped SRR, changes in permittivity, but also dielec-
tric losses, and conductivity of a sample at or near the 
split capacitor can be measured as a change in reso-
nance frequency. Dielectric losses and conductivity 
can be also seen in the quality factor. Usually, the res-
onance frequency of SRRs used in sensor applica-
tions are in the triple-digit MHz range, however, the 
electronics must be able to accurately detect changes 
in the frequency in the lower Hz range [6]. 

Typically, the frequency response of oscillating sys-
tems, such as the SRR, is determined using a vector 
network analyzer. Based on the results of a sweep in 
excitation frequency, the resonance frequency and 
attenuation at resonance frequency can be deter-
mined. However, a frequency sweep with high fre-
quency resolution to accurately determine the reso-
nance frequency and attenuation at resonance fre-
quency can take several seconds or even minutes. 
For this reason, besides costs, it is not practical to use 
a network analyzer for measuring rapidly changing 
sample properties at the split capacitance, i.e., as a 
detector in liquid chromatography (LC) [7,8]. In this 
case, the SRR may combine measurement of sample 
permittivity and conductivity in a single detector. 
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Since in LC the individual components of a liquid so-
lution elute from the column at different times, a de-
tector with response times of less than 1 s is required. 
The electronics presented in this work is designed to 
continuously measure the resonance frequency and 
attenuation at resonance frequency of a SRR within 
less than one second. 

Concept 
Continuous measurement of resonance frequency 

and attenuation at resonance frequency is based on 
the excitation of the SRR with three frequencies of 
equal amplitude in a single signal and individual anal-
ysis of the transmission of these three frequencies. 
The three frequencies consist of a center frequency 
and two sidebands symmetrically spaced around this 
center frequency. Fig. 2 shows the concept divided 
into signal generation, excitation of the SRR, and 
analysis of the received signal. 

 
Fig 2: Concept for continuous measurement of the 

resonance frequency and attenuation at res-
onance frequency of a split-ring resonator 
(SRR) divided into three parts: signal genera-
tion, excitation of the SRR, and signal analy-
sis. A signal consisting of three frequencies, a 
lower sideband frequency (yellow, 𝑆𝑆LSB), a 
center frequency (red, 𝑆𝑆CN), and an upper 
sideband frequency (blue, 𝑆𝑆USB), is gener-
ated, then fed to the SRR, and the transmis-
sion of the three frequencies is analyzed indi-
vidually. 

By using two sidebands 𝑆𝑆LSB and 𝑆𝑆USB symmetrically 
around a center frequency, it is possible to determine 
the resonance frequency as well as attenuation at 
resonance frequency and to react to changes in res-
onance frequency over a wide frequency range. The 
amplitude response of an SRR |𝐺𝐺(j𝜔𝜔)| according to 
the equivalent circuit shown in Fig. 1 is given in Eq. 2 
with the damping ratio D  

𝐷𝐷 = 𝑅𝑅SRR
2 ⋅ √ 𝐶𝐶ges

𝐿𝐿SRR
, 

the factor 𝛼𝛼  

𝛼𝛼 = (1 + 𝑅𝑅L
𝑅𝑅SRR

) 

and the resonance circuit frequency 𝜔𝜔res.  

|𝐺𝐺(j𝑤𝑤)| = √𝜔𝜔4 + (4𝐷𝐷 − 2)𝜔𝜔res2 𝜔𝜔2 + 𝜔𝜔res4

√𝜔𝜔4 + (4𝛼𝛼2𝐷𝐷 − 2)𝜔𝜔res2 𝜔𝜔2 + 𝜔𝜔res4
    (2) 

The amplitude response in Eq. 2 shows a symmetry 
in the logarithmic scale, which allows the use of the 
geometric mean to determine the resonance fre-
quency. This symmetry in the logarithmic scale 
means that even if the center frequency is selected in 
a way that the amplitudes of the two sideband fre-
quencies are equal, it differs slightly from the reso-
nance frequency. However, in this case, the reso-
nance frequency 𝑓𝑓res,SRR can be calculated from the 
center frequency 𝑓𝑓CN and the frequency spacing 𝐵𝐵𝐵𝐵 
of the two sidebands according to Eq. 3. 

 
𝑓𝑓res,SRR = √𝑓𝑓CN

2 − 𝐵𝐵𝐵𝐵2

4  (3) 

The attenuation at resonance frequency of the SRR 
can then be approximated from the attenuation of the 
center frequency. In particular, changes in the atten-
uation of a SRR can be determined with sufficient ac-
curacy. 

When the resonance frequency of an SRR changes, 
the center frequency can be tracked by controlling the 
error signal 𝑒𝑒 = |𝑆𝑆USB| − |𝑆𝑆LSB|. Fig 3 shows the theo-
retically expected error function resulting from a 
sweep of the center frequency with the frequency 
spacing of the sidebands 𝐵𝐵𝐵𝐵 = 10 MHz for a simu-
lated SRR according to Eq. 2 with 𝑓𝑓res,SRR = 500 MHz, 
𝐷𝐷 = 0,01 and 𝛼𝛼 = 2. 

 
Fig 3: Simulated error function of a frequency sweep 

of the center frequency with a sideband fre-
quency spacing 𝐵𝐵𝐵𝐵 = 10 MHz using a simu-
lated split-ring resonator with  
𝑓𝑓res,SRR = 500 MHz, 𝐷𝐷 = 0.01 and 𝛼𝛼 = 2. 

The error function has a global minimum and a 
global maximum near the resonance frequency, 
which limits the frequency tracking to the range be-
tween the maximum and minimum. Due to the limited 
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linear range between the minimum and maximum, 
changes in resonance frequency between two suc-
cessive measurements need to be smaller than the 
frequency spacing of the extremes from the actual 
resonance frequency. Besides the error function of 
the SRR, the maximum trackable change in reso-
nance frequency also depends on the minimum 
measurement time 𝑡𝑡min of the electronics, which is 
determined by the time for signal generation, ampli-
tude analysis and calculation of the new center fre-
quency for the next cycle. 

Materials and Methods 
The hardware implementation of the concept de-

scribed above consists of a digitally controlled signal 
generation with analog modulation of the initial sig-
nals and analog demodulation of the received signal, 
as well as a digital analysis of the three frequency 
components. For tracking of resonance frequency 
over a wide frequency range, a digital controller is im-
plemented. Alternatively, it is possible, to take a fully 
digital approach using a fast Digital Analog Converter 
(DAC) combined with a Field Programmable Gate Ar-
ray (FPGA), but this approach is much more complex 
to implement. 

The generation of the test signal, consisting of the 
center frequency 𝑓𝑓CN, the lower sideband frequency 
𝑓𝑓LSB and the upper sideband frequency 𝑓𝑓USB starts 
with the generation of three low-frequency signals 
and one high-frequency carrier (HF). The low-fre-
quency sideband signal 𝑆𝑆BB is generated via direct 
digital synthesis (DDS), with an adjustable frequency 
spanning 0 – 9 MHz, low-pass filtered, and post-am-
plified with a variable-gain amplifier. This frequency 
defines the frequency spacing of the two sidebands 
from the center frequency 𝑓𝑓CN in the frequency spec-
trum of the test signal. In addition, an offset signal 
𝑆𝑆offset with a frequency of 10.7 MHz is generated, 
which is obtained from a 42.8 MHz crystal oscillator 
whose frequency is divided by a factor of four via a 
concatenated ring counter consisting of 2 D-flip-flops. 
Thus, the signal is provided in an in-phase form 
𝑆𝑆offset,I and quadrature form 𝑆𝑆offset,Q and each of the 
signals is band-pass filtered and variably amplified. 
The offset signal allows the use of a crystal filter in the 
10 MHz range for signal analysis. The HF carrier fre-
quency 𝑆𝑆HF is generated by an adjustable PLL in a 
frequency range from 0.1 MHz to 1.8 GHz. This sig-
nal is also low-pass filtered and provided with adjust-
able amplification.  

The frequency spectrum of the test signal is gener-
ated from the four initial signals via several modula-
tion steps, as shown in Fig. 4. The modulation of the 
signals is a modified Weaver Method, but in contrast 

to the original Weaver Method, the frequency compo-
nents of the low-frequency offset signal are not sup-
pressed, since these are required to generate the 
center frequency. The two amplitude modulations 
(AM) of 𝑆𝑆BB with 𝑆𝑆offset,I and 𝑆𝑆BB with 𝑆𝑆offset,Q generate 
the two low-frequency intermediate signals 𝑆𝑆NF,I and 
its Hilbert transform 𝑆𝑆NF,Q. These intermediate signals 
are fed to the baseband inputs of an IQ modulator and 
shifted into the high-frequency range by mixing with 
the HF carrier signal 𝑆𝑆HF. This modulation generates 
the test signal 𝑆𝑆test with a center frequency  
𝑓𝑓CN = 𝑓𝑓HF + 𝑓𝑓offset and the two sidebands 
𝑓𝑓LSB = 𝑓𝑓CN −

𝑓𝑓BB
2  and 𝑓𝑓USB = 𝑓𝑓CN +

𝑓𝑓BB
2 . 

 

Fig 4: Block diagram for generating the test signal for 
excitation of a SRR. The test signal 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is 
generated by two amplitude modulations (AM) 
of the low-frequency sideband signal 𝑆𝑆𝐵𝐵𝐵𝐵 with 
the in-phase offset signal 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝐼𝐼 and the 
quadrature offset signal 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑄𝑄 followed by IQ 
modulation of the intermediate signals 𝑆𝑆𝑁𝑁𝐹𝐹,𝐼𝐼 
and 𝑆𝑆𝑁𝑁𝑁𝑁,𝑄𝑄 with the HF carrier signal 𝑆𝑆𝐻𝐻𝐻𝐻. 

Fig. 5 shows the block diagram of the demodulator 
circuit used for the analysis of the received signal. In 
a first step, the received signal from the SRR 𝑆𝑆SRR is 
mixed down with the HF signal 𝑆𝑆HF and a band-pass 
filter at the output of the mixer suppresses the upper 
sideband generated during mixing. This approach al-
lows the use of narrow-band crystal filters in the 
10 MHz range independent of the resonance fre-
quency of the SRR. The signal is then processed in 
parallel branches. A notch filter separates the side-
bands from the center frequency, while in the other 
branch a band-pass filter extracts the center fre-
quency. The intensity of the center signal is then an-
alyzed directly with a detector (DET). In the parallel 
branch, the lower sideband is analyzed after another 
low-pass filter following the band-stop filter, while for 
the upper sideband, the spectrum has to be inverted 
and then low-pass filtered to separate it from the 
lower sideband before it can be analyzed. 
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Fig 5: Block diagram of the demodulation of the re-

ceived signal 𝑆𝑆SRR. First, the signal is mixed 
down with the HF carrier 𝑆𝑆HF and band-pass 
filtered. The sidebands and the center fre-
quency are analyzed in parallel branches after 
a band-pass and a band-stop filter. The center 
frequency 𝑆𝑆CN,NF is then directly analyzed with 
a detector (DET). The lower sideband 𝑆𝑆LSB,NF 
is low-pass filtered before being fed to a de-
tector. The spectrum of the upper sideband 
𝑆𝑆USB,NF is inverted and low-pass filtered before 
being fed to a detector. 

Signal generation, acquisition of the amplitudes of 
the received signal and tracking of the resonance fre-
quency is controlled by an external microcontroller, 
which is connected via USB to a computer. The 
printed circuit board developed in this work is shown 
in Fig. 6. 

 
Fig 6: Photo of the electronics for the continuous 

measurement of the resonance frequency 
and attenuation of a SRR. 

In all measurements, the electronics was tested in 
combination with an SRR consisting of a transmission 
line on PCB (FR4) and a stainless-steel capillary split-
ring structure forming the split-ring resonator 
(CaSRR) as used in Hitzemann et al. [6]. This CaSRR 
is specifically developed for liquid analysis in LC ap-
plications.  

In a first measurement, the amplitude response of 
the CaSRR was determined when rinsed with pure 
water and acetonitrile with a sweep of the center fre-
quency. For comparison, the same measurement 

was subsequently performed using a commercial 
vector network analyzer (Rhode and Schwarz, ZNL6).  

To investigate the tracking on changes in resonance 
frequency of the CaSRR, a sweep of the center fre-
quency was recorded while the CaSRR was rinsed 
with pure water. The error signal was determined 
from the attenuation of the upper and lower sideband 
frequency. Finally, a solvent gradient of ultrapure wa-
ter and acetonitrile generated with a Knauer high per-
formance LC (HPLC) system was recorded. The 
HPLC consists of a solvent reservoir, a binary high-
pressure pump P 6.1L with two 10 mL-heads, a de-
gasser and a high-pressure mixing chamber, a 6-port-
injection valve with 20 µL sample loop, a HPLC-col-
umn in a column thermostat CT 2.1. The program 
started with pure water for 2 min, followed by a linear 
ramp of acetonitrile concentration from 0% to 100% 
during 2 min, hold for 2 min, and a linear ramp down 
from 100% to 0% acetonitrile during 2 min. 

The chemicals acetonitrile (Sigma product: 
1037252002) and ultrapure water (Sigma product: 
1037282002) were purchased from Sigma-Aldrich, 
Germany, with a purity of > 99%. 

Results and Discussion 
Fig. 7 shows the results of comparative measure-

ments of the resonance frequency of the CaSRR 
rinsed with pure water (top) and rinsed with acetoni-
trile (bottom). The data of the commercial network an-
alyzer are shown in blue, and those from the electron-
ics developed here are shown in orange. For the 
measurement with pure water, the difference in the 
measured resonance frequency is 2.976 MHz, and 
for the measurement of acetonitrile, the difference is 
0.389 MHz. The difference in the measured attenua-
tion at resonance frequency between the commercial 
ZNL6 and our electronics is 0.224 dB for pure water, 
while there is a larger difference of 4.06 dB for ace-
tonitrile. A possible explanation for the discrepancies 
between these two detectors could be an insufficient 
suppression of the image frequency, which leads to 
additive interference in superheterodyne receivers 
such as those used for the demodulation. 
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Fig 7: Comparison of the measured values obtained 

with the electronics shown in Fig 6 (orange) 
and a ZNL6 from Rohde and Schwarz (blue) 
for the capillary split-ring resonator rinsed with 
pure water (top) and with acetonitrile (bottom). 

The error signal of the CaSRR rinsed with pure wa-
ter is shown in Fig 8. Comparing this with the shape 
of the theoretically expected curve, as shown in 
Fig. 3, it can be seen that the error signal is not sym-
metrical around the resonance frequency. This is 
mainly due to the asymmetry of the frequency re-
sponse of the CaSRR causing the asymmetry of the 
error signal. Nevertheless, the error signal has a lin-
ear range near the resonance frequency, allowing for 
tracking the resonance frequency with reasonable ac-
curacy of 150 kHz. 

 
Fig 8: Error signal of the capillary split-ring resonator 

rinsed with pure water, measured with the 
electronics presented in Fig 6. 

Finally, tracking of the resonance frequency of the 
CaSRR was tested with a solvent gradient of water 
and acetonitrile. The results shown in Fig. 9 clearly 
demonstrate that the control circuit allows the test sig-
nal to track the changes in resonance frequency over 
the entire range of about 130 MHz, thus responding 
to the change in electromagnetic properties of the liq-
uid. These results confirm that the considerations on 
tracking the resonance frequency developed in theory 
could also be implemented in practice with the elec-
tronics presented in this work. 

 
Fig 9: Measurement of a solvent gradient of water 

and acetonitrile with the electronics shown in 
Fig 6. The solvent gradient is shown in orange, 
and the resonance frequency is shown in blue. 

Conclusion 
In this paper, we present a new concept and the 

hardware implementation in electronics for continu-
ous measurement of resonance frequency and atten-
uation at resonance frequency of SRRs. First meas-
urements demonstrate feasibility. In particular, it is 
shown that the resonance frequency of a SRR can be 
tracked over a wide frequency range, which allows 
the use of SRRs as a detector in LC or HPLC. In fu-
ture work, the remaining deviations between the 
measurements with our new electronics and a com-
mercial network analyzer will be further investigated. 
Additionally, the mentioned CaSRR will be tested to-
gether with our new electronics as a HPLC detector. 
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