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Abstract 

This paper describes a novel and compact biosensing platform using an RF active system. The proposed sensing 
system is based on the oscillation frequency deviation due to the biomolecular binding mechanism on a resonator. The 
impedance variation of the resonator, which is caused by a specific biomolecular interaction results in a corresponding 
change in the oscillation frequency of the oscillator so that this change is used for the discrimination of the bio-
molecular binding, along with concentration variation. Also, a Surface Acoustic Wave (SAW) filter is utilized in order 
to enhance the biosensing performance of our system. Because the oscillator operates at the skirt frequency range of 
the SAW filter, a small amount of oscillation frequency deviation is transformed into a large variation in the output 
amplitude. Next, a power detector is used to detect the amplitude variation and convert it to DC voltage. It was also 
found that the frequency response of the biosensing system changes linearly with three streptavidin concentrations. 
Therefore, we expect that the proposed RF biosensing system can be applied to bio/medical applications capable of 
detecting a nano-sized biomolecular interaction. 
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Ⅰ. Introduction

In recent years, RF biosensing techniques have been 

received much attention due to the fact that they provide 

label-free, non-destructive, and non-invasive detection 

[1], [2]. From these features, various RF biosensing sche-

mes, such as single-walled carbon nanotubes (SWNTs), 

meta-materials (MTMs), and so on, were introduced in 

order to detect the specific biomolecules and cells [3]～

[6]. For example, RF resonator-based biosensors were 

studied for human cell detection via a micro-fabrication 

method [7]～[9]. Although these methods explored in 

these research projects were simple and high sensitive 

for biomolecular sensing, they still have disadvantages 

in that they require very expensive and complex equip-

ment, including an RF probe station associated with a 

Vector Network Analyzer (VNA), as well as the mi-

cro-fabrication process. Moreover, all of these resonan-

ce-based methods require several resonator arrays, along 

with a high-Q resonator in order to enhance the sensi-

tivity. However, these biosensing systems not only occu-

py a large area but also consume a large sample. More-

over, it has been revealed that the frequency change for 

small biomolecular quantities is quite small. As a result, 

the sensitivity of a conventional RF biosensing scheme 

is limited to the detection of very low biomolecular 

concentrations. 

In this work, an RF active system based on oscillation 

frequency deviation for small biomolecule detection is 

proposed at the 2.4 GHz Industrial, Science, and Medi-

cal (ISM) band. The basic concept of the proposed sys-

tem is that when specific biomolecules are bound to the 

gold surface on a resonator, the resonant frequency of 

the oscillator changes due to the impedance variation of 

the resonator.  Based on the concept of the RF biosensing 

system, the feasibility as a biosensing system for rapid 

and label-free biomolecular detection is experimentally 

demonstrated.

Ⅱ. Operating Principle and System Configuration

2-1 Operating Principle

Fig. 1 shows the architecture of the proposed RF bio-

sensing system. The system consists of an oscillator 

with a gold-coated resonator, a SAW filter, and a power 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved.



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 12, NO. 4, DEC. 2012

228

Fig. 1. Proposed biosensing system architecture.
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detector. The detection principle is based on the oscil-

lation frequency deviation, along with the impedance 

variation, which is caused by biomolecular binding on 

the gold surface. In particular, the planar resonator has 

been used as a sensor, as well as a series feedback com-

ponent, in this system. When biomolecules are bound to 

the gold surface, the input impedance may change. This 

is due to variations in the capacitive and inductive com-

ponents of the resonator. It is assumed that the im-

pedance variation and resulting frequency shifts are in 

the locking range of the oscillator and this variation is 

eventually utilized for biosensing, as illustrated in Fig. 2 

(a). Since the biomolecular size is just a few nano-or-

ders, the frequency deviation due to the biomolecular 

binding effect may be too small for detection, so an RF 

SAW filter is utilized in order to enhance the sensitivity 

of the system. This is based on fact that the amplitude 

of the SAW filter output considerably changes in the 

skirt frequency range. As a result, a small frequency de-

viation in the oscillation frequency can be transformed 

into a large output amplitude variation by the SAW fil-

ter, as illustrated in Fig. 2 (b). In the last stage, an RF 

power detector is adapted in the output of the SAW fil-

ter in order to transform the frequency variation of the 

oscillator into the variation of DC voltage, which can be 

easily measured with convenient equipment, such as a 

digital multi-meter.  

2-2 Design of Sensing Parts

Fig. 3(a) shows the design and dimension of a reso-

nator. The dielectric constant and height of the substrate 

used are 4.4 and 1 mm, respectively. The conductors of 

(a) Shape and dimensions of the resonator

    

 (b) Fabricated sample

Fig. 3. Design and fabrication of the proposed resonator.

  

 

the top (resonator) and bottom (ground plane) sides are 

coated with gold. The resonator has a small rectangle  

17 mm I length and 4.9 mm in width. Two similar arms 

of dimensions a=0.3 mm and b=12.2 mm are placed 

symmetrically on the corners of the rectangle at an 

offset of s=0.3 mm. The overall size of the resonator, 

including the ground plane, is 30 mm by 21 mm. Fig. 

3(b) shows the fabricated sample, where the top side is 

covered with a solder mask, and a circular area with a 

 

Fig. 4. Measured and simulated results of the resonator.
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Fig. 5. Schematic of the oscillator with a resonator and 
buffer amplifier.

  

 

diameter of 2 mm is opened in order to detect a bio-

molecule.     

To predict the resonant characteristics of the reso-

nator, a simulation was performed with a 3D full-wave 

electromagnetic solver (Ansoft HFSS), and the simula-

tion results were in good agreement with the measured 

results, as shown in Fig. 4. The resonance occurs at 2.4 

GHz with a 3-dB bandwidth of 150 MHz; thus, the 

loaded Q value is about 15. Conventionally, a high-Q 

resonator is used in oscillator designs in order to im-

prove the frequency stability and phase noise characteri-

stics [10]. However, a low-Q resonator is preferable to 

a high-Q resonator in this application due to the reduced 

frequency stability requirements. Suitable impedance con-

trol around a bipolar transistor can be achieved with an 

oscillation condition at the resonant frequency of the 

resonator [11]. Fig. 5 shows a schematic diagram of the 

2.4 GHz amplifier and the cascade type resonator com-

bined with an emitter follower-type buffer amplifier, in 

which the resonator simultaneously functions as a sensor 

and a feedback element. The design theory of this oscil-

lator is already well-developed [12]. Here a BFP 420 

npn silicon RF transistor is used as an active device. 

When the SAW filter is directly connected to the oscil-

lator, close attention must be paid because the oscil-

lation condition can be changed by the rapid impedance 

variation at the skirt frequency range of the SAW filter. 

For this reason, the buffer amplifier of the emitter fol-

lower-type is used to prevent a strong mutual interaction 

between the oscillator and the filter. A PCB that was 

100 mm by 100 mm in size was fabricated, which is a 

part of the system part, as shown in Fig. 6. Both PCBs, 

the resonator part, shown in Fig. 3(b), and the system 

part, are connected through an SMA connector. Conse-

quently, the measured oscillator output power is 2 dBm 

at 2.517 GHz, including the output of the emitter fol-

lower buffer amplifier, as shown in Fig. 7.

Fig. 6. Fabricated system part PCB. 

  

 

Fig. 7. Measured output power spectrum of the oscillator.

  

 

Meanwhile, when the biomolecule is bound to the 

gold layer of the resonator, the conductivity of the gold 

surface is changed according to the concentration of the 

biomolecules. The variation in the conductivity causes a 

variation in the resonator impedance, and the oscillation 

frequency is consequently changed. A Surface Acoustic 

Wave (SAW) filter is used to convert frequency devia-

tion to amplitude variation. When the oscillator operates 

at the skirt frequency range (2.49～2.54 GHz) of the 

SAW filter, a small amount of oscillation frequency de-

viation can be transformed to a large variation in the 

amplitude variation. 

Fig. 8 shows the measured performance of the SAW 

filter used, which is an SA2441AM from SAWNICS. 

The designed oscillator operates at 2.517 GHz in the 

skirt frequency range of the SAW filter, and the average 

rate of change for a magnitude variation of 1 dB/MHz 

can be achieved. Assuming the frequency deviation cau-

sed by biomolecular binding is about 1 MHz, the ex-

pected amplitude variation of the SAW filter is 1 dB. 
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Fig. 8. Measurement results of the SAW filter’s per-

formance. 

  

 

Fig. 9. Measurement results of power detector output at 
2.52 GHz.

  

 

Thus, it enables a small frequency deviation to be trans-

formed into a large amplitude variation of the output 

voltage. The amplitude variation is then detected by an 

RF power detector. An AD8312 RF detector from Ana-

log Devices Inc. is used. It has a frequency response 

that ranges from 50 MHz to 3.5 GHz and a detection 

power level that ranges from —45 to 0 dBm, and its 

measurement results are shown in Fig. 9. 

Ⅲ. Biomolecular Processing

Fig. 10 shows a biological process for binding be-

tween thiols-linked biotin and streptavidin in order to 

verify the feasibility of the biomolecular sensing device. 

First of all, the biotinylated thiols are used as a simple 

and direct construction for immobilization on the gold 

surface. Here, a thiols (-SH) substrate can enhance the 

Fig. 10. Biotin-streptavidin binding system.

  

 

sensitivity and selectivity, and can specify a chemically 

modified gold surface; therefore, it has been widely used 

as a biological receptor of many gold-based biosensors 

[13]～[15].

The biotin (a vitamin series) used has a strong chemi-

cal affinity for the biomolecules and streptavidin (a pro-

tein series). In this work, the biological process has been 

carried out as follows. First, all samples are simulta-

neously immobilized with a 25 μg/ml concentration of 

biotinylated thiols in deionized (DI) water for about 1 

hour. Next, to deactivate and block the excess reactive 

groups remaining on the surface, the devices are treated 

with Bovine Serum Albumin (BSA) of at a concen-

tration of 25 μg/ml for about 1 hour. Finally, the biotin 

was coupled with three streptavidin concentration, i.e. 

100, 10, and 1 ng/ml in DI water for about 1 hour. 

After the samples are washed with pure DI water, the 

dried samples are measured with the RF measurement 

system.

Ⅳ. Measurement Results

The proposed biosensing system was designed and 

fabricated on the basis of the sensing mechanism, as 

mentioned in Section II. The measurement setup consists 

of the proposed sensing system, power supply, spectrum 

analyzer, and digital multi-meter. The detectable reso-

nator is connected to the proposed sensing supply vol- 

tage and the operating currents are 6 V and 75 mA, 

respectively. The spectrum analyzer is used to confirm 

the oscillation frequency deviation, and the final output 

of the proposed sensing system, which is DC voltage, is 

measured via a digital multi-meter. Before starting the 

biological process, the deionized water (DI) solution on 

the resonator is tested. Three samples are prepared, and 
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Fig. 11. DI solution test for three bare samples.

  

 

each sample is measured five times for oscillation fre-

quency deviation. The range of the measurement result 

is presented as the maximum, average, and minimum 

values. After a thorough washing process, samples re-

veal slight differences from the bare samples for all 

three configurations, i.e., 1-, 2-, and 3- hour immersion 

cases, as shown in Fig. 11. However, the discrepancy is 

not a critical problem because the frequency shift is 

within the oscillation frequency range of each sample. 

This means that the DI solution to be used for the bio-

logical process would cause only a minimal effect on 

oscillation frequency deviation. Also, fifteen bare sam-

ples are prepared for the biological process, and each 

sample is measured five times.  The measurement items 

are oscillation frequency deviation, SAW filter output 

power, and the power detector output voltage for three 

streptavidin concentrations (100 ng/ml, 10 ng/ml, and 1 

ng/ml). Fig. 12(a) shows the deviation of the oscillation 

frequency for the thiols-linked biotin, as well as for the 

three different streptavidin concentrations. It is found 

that the frequency deviation clearly exhibits linear shifts 

with streptavidin concentrations. This linear variation is 

observed in the SAW filter output power, as well as the 

power detector output voltage, as summarized in Figs. 

12(b) and 12(c), respectively. The results show that the 

frequency shift after the immobilization of the bio-

tinylated thiols is smaller than those of the streptavidin 

binding. This is because the biotin exists in a smaller bio-

molecular quantity than the streptavidin. Thus, it is 

clearly demonstrated that the proposed low-Q resonator- 

based oscillator and detection scheme can detect the bio-

molecular binding process at the 1ng/ml concentration 

level.

Ⅴ. Conclusion

An RF sensing system based on oscillation frequency 

(a) Oscillation frequency deviation

(b) SAW filter output power variation

(c) Power detector output DC voltage variation

Fig. 12. Frequency deviation, amplitude variation, and po-
wer detector output power variation caused by the
immobilization of biotinylated thiols and three con-
figurations of streptavidin concentrations.

  

 

deviation for biomolecular detection has been proposed 

and experimentally demonstrated at a 2.4 GHz ISM ba-

nd. The proposed biosensing system showed an almost 
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linear frequency response to three streptavidin concen-

trations when used with the biotin immobilization sys-

tem. Also, it was found that the limit of detection was 

about 1 ng/ml, This means that the system contains a 

highly sensitive RF biosensing device. Furthermore, the 

proposed device is cost-efficient and is also a simple 

and direct biosensing scheme with a resonator-based RF 

active system that does not require complex or sophisti-

cated equipment. From the results obtained, it is clearly 

shown that the proposed RF biosensing system is a very 

powerful candidate for a wireless biosensing node in 

bio/medical applications.
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