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Abstract

:

In this article, a tunable RF sensor is presented for the measurement of dielectric materials (liquids and solids) based on a metamaterial resonator. The proposed novel configuration sensor has a microstrip line-loaded metamaterial resonator with tunable characteristics by utilizing a single varactor diode in the series of the resonator. CST Microwave studio is employed for 3D simulations of the tunable sensor, and the desired performance is attained by optimizing various structural parameters to enhance the transmission coefficient (  S 21   magnitude) notch depth performance. The proposed RF sensor can be tuned in L and S-bands using the varactor diode biasing voltage range of 0–20 V. To validate the performance of the sensor, the proposed design has been simulated, fabricated, and tested for the dielectric characterization of different solid and liquid materials. Material testing is performed in the bandwidth of 1354 MHz by incorporating a single metamaterial resonator-based sensor. Agilent’s Network Analyzer is used for measuring the S-parameters of the proposed sensor topology under loaded and unloaded conditions. Simulated and measured S-parameter results correspond substantially in the 1.79 to 3.15 GHz frequency band during the testing of the fabricated sensor. This novel tunable resonator design has various applications in modulators, phase shifters, and filters as well as in biosensors for liquid materials.
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1. Introduction


One of the most significant physical aspects of dielectric materials is their dielectric properties, which demonstrate their electrical characteristic behaviors while confronted with external electromagnetic fields. The accurate assessment of the permittivity of materials is critical in many fields, including the food industry, farming, and the medical field [1,2,3]. There are various ways for measuring a dielectric constant of a material, including the coaxial method, resonant cavity method, waveguide technique, planar sensors, and free space method [4,5,6,7]. Planar sensors have resonant structures, which are also needed for a variety of applications in the microwave sector. Resonant structures that are of excellent quality, reliable, low profile, and lightweight are frequently used in the space and communication industries, too. Planar sensors employ resonators and are chosen among these methods for dielectric measurements due to low cost, reduced size, and light weight.



Metamaterial biosensors are also an important sensor among these types of electromagnetic sensors, which can be used to determine liquids’ dielectric properties. Metamaterial sensors are advantageous compared to other sensors due to their high accuracy, high sensitivity, low cost of implementation, and easy integration to integrated circuits. In fact, these sensors can measure even a small change in the liquid dielectric properties label-free. Several different types of structures [8,9] are used in the RF band for various biomedical applications also, like DNA sensing [10], in which DNA sensing is performed with a microwave regime using just a split-ring resonator.



Planar sensors can be made by using several types of resonant structures, like rings, split-ring resonators (SRRs), and complementary split-ring resonators (CSRRs) for the dielectric measurement of solids as well as liquids [9,11,12,13]. Planar structures have transmission lines, like microstrip lines (MTLs) or co-planar waveguides (CPWs) coupled to these resonators, and they find important application in tunable filters, phase shifters, and tunable resonators. These resonators are also extensively used for material characterization applications. The resonance frequencies of these sensors are mainly dependent on the unit cell structural parameters of the resonator. Several resonators can be employed for multi-band operation along a microstrip line. In [11], multiple resonators are coupled from the transmission line along the horizontal axis of the sensor, which increases the overall size of the sensor.



Conventional structures like the ring resonator, SRR-, CSRR-, and IDC-loaded transmission line-based resonant structures have been frequently utilized for material testing and sensor applications [14,15]. The substantial electric field concentration gives the CSRR-loaded RF sensors good sensitivity to the test object. For the testing of materials, several types of CSRR/SRR-based sensors have been suggested [12,14,15]. The CSRR-based sensor has a transmission notch only at a designed fixed frequency. The required set of dimensions needs be changed to change the resonance frequency. In accordance with the device design and operation mode, a variety of resonance frequencies have been used along its length as well as the height of the structure.



For dual-band operation, most reported RF sensors are designed by using single-element- [14,16,17] or multi-resonator-designed sensors [11]. For material characterization at multi-frequencies, the main drawback of multiple resonator planar sensors is that their overall size is increased. Recently, it has become possible to design reconfigurable structures with increased tuning capability by using a varactor diode. These structures contribute to the reduction in the size of microwave structures by being merely fractions of the operational wavelength in size.



Varactor diodes are a suitable candidate to make these structures tunable for overcoming the drawbacks of increased size, mutual coupling, and time-consuming testing methods. The majority of the varactor-loaded sensors in published works use a pair of CSRRs and SRRs to achieve the desired tuning range while maintaining a suitable rejection level in the transmission coefficient. A pair of CSRRs and SRRs together with a biasing arrangement of varactor diodes increases the dimensions and makes the design complicated. Tunable sensors based on a single CSRR for S-band material characterization applications using a varactor diode are proposed [12]. The designed structure became a tunable sensor with relatively low bandwidth tuning and a low notch depth. Another tunable sensor reported employed varactors with an SRR structure or a CSRR structure, which also have a relatively narrow bandwidth and a low transmission notch depth of   S 21   [18].



It can be deduced from the preceding discussion that in order to allow electronic tuning, this resonator can be connected in series to a reversed biased varactor diode. One end of the varactor diode is soldered to microstrip transmission line, and the other terminal can be attached to the resonator structure for achieving tunability. This is why a varactor-diode-based novel resonator has been suggested in this paper. The varactor can be utilized to increase the capacitance connected with the resonator structure by utilizing the suitable reverse-biased voltage. The compact RF sensor based on the varactor-loaded resonator structure described in this work further reduces the influence of mutual coupling, which happens in multi-element resonant systems as discussed above.



The goal of this research is to propose a voltage-tunable simple and compact sensor that is capable of detecting test materials at a wide range of frequencies. In the design process, an initial simulation is performed without tuning the varactor, the   S 21   result shows a resonance frequency around 3.6 GHz, and the resonance is decreased after the addition of a varactor diode in a series of resonators. The microstrip line from the top layer of the substrate is utilized to excite the sensor. The resonator is etched directly below the microstrip line on the ground plane. The highest retention of energy occurs at the structure’s frequency of resonance, where the accumulated electric and magnetic field magnitudes become equal. The advanced design system (ADS) is utilized to simulate the structure’s equivalent circuit of a tunable resonator structure. When a varactor is added to the structure, the rejection frequency changes with a left-handed wave propagation.



The proposed tunable sensor can perform material testing over a wide measured bandwidth of 1354 MHz using a single metamaterial resonant cell only in the frequency range of 1.79 to 3.15 GHz. S–parameter measurements of various standard substrates are performed, and resonance frequencies are noted to the developed empirical relationship. This characteristic equation of a sensor is used to calculate the dielectric constants of liquid samples at the specified frequency. Using the references of reported data, the calculated values are compared to reported ones. Finally, the performance of the measured sensor is compared with already published results of tunable sensors. The sensing theory and mechanism are given in Section 2, the sensor 3D design and circuit simulations are explained in Section 3 and parametric analysis is completed in Section 4. Measurement results are explained in Section 5 with simulated, measured and calculated results compared, which is followed by a discussion. Finally, the conclusion is drawn and applications are stated in Section 6.




2. Theory and Analysis


The miniaturization of microwave circuits can be achieved by metamaterial resonant structures because the size of metamaterial resonators are only fractions of the wavelength of operation. These structures can be excited by transmission lines like the MTL or a co-planar waveguide with ground (CPWG) from the top of the substrate. A metamaterial resonator is engraved in the ground plane just below these transmission lines. These electrically small size resonators like ring, split ring and CSRRs makes them ideal for realization of compact circuits like sensors and filters, etc. The addition of the tunable capacitance of a varactor diode along with the resonator’s capacitance makes it ideally suitable option to realize tunable sensors.



Additional capacitance of the material under test (MUT) placed on top of the sensor perturbs the electromagnetic fields distribution of the resonator. So, the sensor’s resonance frequency will be shifted toward the low-frequency spectrum depending upon dielectric constant   ε r   of the subject MUT. The relationship between the relative resonance frequency shift and the dielectric properties of permittivity and permeability of MUT is given by:


    Δ  f r    f r   =    ∫ v   ( Δ ε    E 1   →  ·    E 0   →  + Δ μ    H 1   →  ·    H 0   →  ) ∂ v     ∫ v   (  ε 0  ·      E 0   →   2  +  μ 0  ·      H 0   →   2  )  ∂ v    



(1)







While the resonance frequency of the subject resonator is given by:


   f r  =  1  2 π (  L r   (  C r  +  C m  )  )    



(2)







Any change in resonant frequency can be observed by progressively changing the applied voltage to validate the tunability of these sensors. The behavior of the varactor diode is to decrease the capacitance as applied voltage is increased, so in turn, the result is an increase in the sensor’s resonance frequency. Around the frequency of resonance, these sensors show negative values of real permittivity (  ε r  ) and permeability (  μ r  ). Another evidence of their metamaterial behavior [19] is also negative group delay nearby the resonance frequency.



At the resonance frequency of the subject sensor, maximum energy storage takes place, so the stored energies of the electric and magnetic field become equal to each other. A change of frequency of resonance of resonant structure can be related to the change in the test specimen’s dielectric constant, as given by (3).


   f  r , M U T   =  f  r , A I R      ε  e f f , A I R    ε  e f f , M U T      



(3)







The parameters   f  r , M U T    and   f  r , A I R    in (3) are the resonance frequency of the sensor perturbed by MUT and air dielectric, respectively.   ε  e f f , A I R    and   ε  e f f , M U T    are the effective permittivity of just the sensor only and the effective permittivity of the sensor when a test material is placed on it. Changing the test specimen or changing the subject dielectric can be attributed to changes in the metamaterial sensor’s resonance frequency, and notch depth is affected by the test specimen’s loss tangent. The design of a tunable lightweight dielectric sensor based on a single metamaterial cell is presented in the next section.




3. Sensor Design and Simulation


The fundamental design of the suggested sensor is implemented using a resonator and reverse-biased varactor diode. During the simulation, a varactor diode is considered as the combination of R, L and C elements as suggested by the manufacturer’s datasheet [20]. The equivalent circuit diagram of the suggested sensor is simulated by the use of the ADS circuit simulator. An isometric view of varactor-loaded tunable sensor is depicted in Figure 1a, while a bottom close-up view of the sensor structure is shown in Figure 1b.



For the validation purpose of proposed sensor experimentally, a prototype of the suggested sensor is built on commercially available FR-4 material. A variety of standard solid substrates and liquid samples are measured ultimately for obtaining S-parameters. The resonance frequencies are noted and are used for obtaining the value of the dielectric constant in the required frequency range by the presented empirical characteristic formula shown in next sections.



The fixed resonator-based sensor can create transmission minima only at a particular operating frequency. To adjust the resonance frequencies, the tunning parameters must be adjusted with the resonator’s frequency of resonance. This issue can be handled by creating an adequate tuning circuit with a varactor diode and the proper biasing configuration. A rise in diode capacitance lowers the frequency of resonance, thereby rendering the sensor adjustable. DC bypass capacitors are used in the DC feed network to decouple the DC from the network analyzer, and a quarter-wave RF bypass line is implemented for an optimum operating frequency of 2 GHz.



In contrast to already reported structures that used pairs of varactor-loaded CSRRs, the proposed structure utilizes a single resonator and varactor diode to attain the compact design. The suggested sensor is small in size and is made of FR–4, which is a widely accessible commercial material. The PCB has a height of 0.8 mm with both sides using 17  μ m of copper. The overall dimensions of the sensor measures WxLxh 25 by 35 mm by 0.8 mm. Dimensions of the sensor PCB and resonant structure are listed in Table 1. The top of the sensor has the microstrip line etched in it with the varactor diode in exact center of the sensor PCB and resonator also. By adjusting the applied voltage across the tunable varactor diode, we can electronically modify the sensor’s electrical properties like the resonance frequency and in turn group delay also. This metamaterial’s negative permittivity along with the addition of tunable capacitance is responsible for the tunable rejection band present in the   S 21   results.



3.1. Three-Dimensional (3D) Structure Simulation


The top view of the proposed tunable sensor is depicted in Figure 2. In the developed structure, the tunable varactor is attached at one end to the microstrip line and at the other end to the resonator through via. A DC is fed to the varactor diode via a quarter-wave thin line with an additional inductor attached to the microstrip line that serves as an RF choke. The cathode terminal of the varactor is attached to the microstrip line, and the anode of the varactor is connected to a resonator etched in the ground plane by a metallic via. RF chokes and DC block capacitors are placed in the appropriate positions to properly isolate DC and RF signals. The DC line is meandered to reduce the size of the sensor, while the inductor in the DC path is for the additional isolation of RF and DC signals.



First, simulation is carried out by using MTL coupled with a resonator only. Resonance frequency is shifted toward the lower side from 3.6 to 3.1 GHz because of the addition of capacitance added by the varactor diode. Simulated results with and without the varactor are shown in Figure 3. The proposed tunable sensor is a series combination of modified rectangular resonator and tunable capacitance diodes. This modified rectangular resonator has a horizontal line joining its arms. The results of the 3D solver simulation and the circuit model simulation show good agreement.




3.2. Sensor’s Equivalent Circuit


The proposed resonator’s circuit model is exactly like the one depicted in Figure 4a, which is a parallel combination of Lr, Cr, and Rr. The proposed sensor’s equivalent circuit is simulated using the ADS circuit simulator. The equivalent circuit MTL has series DC bypass capacitors and a shunt inductor with a quater-wave line for DC injection into the varactor diode. The tunable varactor diode is in series combination with the resonator and ultimately connected to the ground plane.



Using the approach described in [15], the equivalent circuit parameters Cr, Lr, and Rr are determined to be 0.6765 pF, 0.699 nH and 1342 Ohms. L is 3.7 nH and Cm is 2.41 pF. For reverse voltages ranging from 0 to 20 V, the capacitance of SMV2201-040LF is 2.1 and 0.23 pF, respectively. A comprehensive table of symbols and abbreviations is given in Appendix A, Table A1. The SPICE model of the tuning varactor (SMV2201) diode is depicted in a red box in Figure 4a, and the corresponding model parameters are reported in Table 2. A comparison of 3D full-wave simulation and ADS simulation of the equivalent circuit shown in Figure 4b has very good agreement.





4. Parametric Analysis


Parametric analysis is completed by changing one parameter and others to remain at their initial value. The reason is to minimize impact on other parameters while one parameter is changed. During simulation, it is observed that increasing the dimensions of the resonator causes the resonance frequency to shifting toward lower frequencies. As mentioned in the theory and analysis section, group delay simulation of the sensor can verify its metamaterial behavior. So, the sensor’s group delay with Air MUT from 1.762 to 3.105 GHz is simulated by by changing   V s   from 0 to 20 V, as depicted in Figure 5.



Metamaterial properties are verified by group delay simulation in CST simulation results at ten values of tunable capacitance (  C t   = 0.23–2.1 pF) shown in Figure 6a. The curve-fitting method is used to obtain the relationship of diode capacitance to the resonance frequency of the unloaded sensor, as shown in Figure 6b, which is obtained by the model of this sensor given in (4).


   F r  = 3.3712 − 1.3323 ×  C t   ( p F )  + 0.2746 ×  C t 2   ( p F )   



(4)







The gap between MTL and via to the ground plane is placed to allow for the soldering of the varactor diode. This also caused a shift toward lower frequency due to additional inductance of the via hole. The increase in the width of the connection line between MTL and the via hole can shift the resonance frequency toward a lower frequency due to increased capacitance. We set the diameter of via as 0.4 mm to have minimum impact on the frequency of the resonance behavior. There are two possibilities during the integration of a varactor with a unit metamaterial cell. One is a parallel combination of the resonator and varactor, and the second one is a series combination of the resonator with a microstrip line.



4.1. E-Field Analysis


For understanding the sensing phenomenon, the absolute maximum E-field of the sensor with Air MUT at 1.762 GHz is plotted in Figure 7a. As there is a minima in   S 21   at the lower frequency for Vs = 0 or Ct = 2.1 pF, there is almost nill transmission of signal. Wave propagation in case of the upper bound of the usable sensor frequency is simulated as 3.105 GHz, so the E-field of the sensor with Air MUT is also simulated at 3.105 GHz, as shown in Figure 7b. Both of these E-field results show nearly identical response, which confirms the transmission notch after tuning of the sensor from lower to higher-end frequencies.




4.2. Air Gap Analysis


Air gap analysis is performed, and the effect on resonance frequency is studied for the case of solid MUTs only because the air gap is absent in case of oil samples. Its effect is to increase the resonance frequency up to the value directly proportional to the height of the air gap. In this case, capacitance is kept constant and RT/Duroid 6010.2 is chosen, MUT having the highest dielectric constant of 10.7 among commercial substrates. The change in resonance frequency can be adjusted by slightly adjusting the diode’s voltage to nullify the air gap effect.




4.3. Loss Tangent


For obtaining complex permittivity, the loss tangent is also required apart from the dielectric constant value. Loss tangent simulation is performed by increasing loss tangent values, and the results are plotted in Figure 8. A mathematical relationship of loss tangent relating the notch depth of the perturbed MUT is obtained using the curve-fitting method, as given by Equation (5).


   t a n D  = 1.08596 + 0.0703 ×  S 21   ( dB )  + 0.0011 ×   ( S 21  ( dB )  )  2   



(5)









5. Measurement and Discussion


The prototype of the proposed sensor is fabricated for validation of the presented concept. Front and back view dimensions of measurement of the sensor are shown in Figure 9. Components are soldered on the fabricated sensor using SnPb soldering wire; finally, the front and back side view are shown in Figure 10. After careful soldering the required DC bias lumped components, the varactor diode is mounted on the prototype sensor by the normal soldering process. The tunability of the resonance frequency is observed by altering the DC bias voltage from 0 to 20 V.



The ‘air resonance’ frequency of the sensor without the varactor diode is measured as depicted in Figure 11. Measured results very close to the simulated ones are achieved in the frequency range of 1.795 to 3.105 GHz, corresponding to a DC bias of 0 to 20 V. A comparison of simulated and measured results is shown in Figure 12. The measured S–parameter results using SUTs are shown in Figure 13. Figure 14 shows the electric field of a sensor perturbed with LUT, while the setup for the sensor measurements is shown in Figure 15. Measured results in case of SUTs are used to form the empirical relationship between the dielectric constant of MUT and the resonance frequency (6). After that, the resonance frequency values of the oil samples are used to calculate their respective dielectric constants.



5.1. Solid Dielectric Measurements


First, Rogers© RT5880, RO4350B and RO4003C substrates are used to perform solid dielectric measurements. The measured results of these SUTs are used to derive Equation (6) by using the procedure reported in [15]. Solid dielectric measurements are performed by using substrate samples of 0.51 mm height. The sensor’s S-parameter measured results using standard substrates are shown in Figure 13. The standard SUT’s calculated dielectric constant results are in good agreement with the simulated ones and are shown in tabular form in Table 3.


   ε r ′  =   0.08138 −   0.006623 − 0.02092  3.1516 −  f  r , M U T        0.01046   + 1  



(6)
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Figure 13. Measured results of SUTs using sensor with network analyzer at    V s  = 20   V. 






Figure 13. Measured results of SUTs using sensor with network analyzer at    V s  = 20   V.
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The difference between the simulation values of resonant frequencies and those obtained from measurements can be attributed to the non-ideal behavior of substrates and components involved in the fabrication of the proposed sensor. During the manufacturing process, tolerances of the PCB fabrication can directly affect the resonant frequency along with external reflections also during the test process. Components’ tolerances like that of the varactor diode, DC block capacitors and the small fluctuations in power supply noise can overall affect the differences in the measured and simulated results.




5.2. Liquid Dielectric Measurements


Liquid dielectric measurements are performed by installing a cylindrical liquid container having a height of 4 mm just outside the tunable resonator. First, a measurement of air container resonance frequency is made and recorded. This resonance frequency and other resonances are recorded in the measurement of certain available oil samples. From these values, the calculated dielectric constant of oil samples is computed by using Equation (6).



As the volume of the LUT is increased, it results in an increase of the material height so the the perturbed resonance frequency is decreased [9,21]. This decrease in the resonance frequency due to the increase in the volume of the sample (or height of LUT in the container) shows the effect as the increase in dielectric constant, virtually. Ultimately, after using the sample LUT height of 3 mm, the decrease in the resonance frequency is almost negligible; this height is used to assess the dielectric constant of all sample LUTs. Simulation of the electric field is performed, and the maximum value is obtained at the interface of the resonator structure and liquid sample, as shown in Figure 14a. Simulated electric field penetration inside the liquid oil sample is shown in Figure 14b.





[image: Jsan 13 00008 g014] 





Figure 14. (a) E-field of LUT perturbed sensor with sample hidden, (b) electric field penetration inside liquid oil sample. 






Figure 14. (a) E-field of LUT perturbed sensor with sample hidden, (b) electric field penetration inside liquid oil sample.
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Oil samples are poured in the mentioned cylindrical container mounted outside the sensing area one by one, as shown in Figure 15. After each oil sample measurement, the sensing area is cleaned by alcohol, and the air resonance frequency is verified. The sensor’s S-parameter measured results of commercially available oil samples are shown in Figure 16. Almond, sunflower, olive and coconut oils are measured and the results are recorded. The liquid specimen oil sample’s measured and calculated results also have close values to those in the reported literature, as Table 4 shows. As evident from these measurements, the cylindrical container has a negligible effect on the air resonance frequency.





[image: Jsan 13 00008 g015] 





Figure 15. Dielectric measurements of solids (SUTs) and liquids (oil LUTs). 






Figure 15. Dielectric measurements of solids (SUTs) and liquids (oil LUTs).
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5.3. Multi-Element Composite Sensor


The current work is focused on conducting measurements in the L and S-band; for other frequencies, a multi-element composite sensor is a viable option. Sensors having frequency bands to cover the broadband spectrum from 3.15 to 13 GHz can be designed using this configuration. A reference system is reported in [22], but it uses a manual tuning of components. In our scheme, these sensors can be tuned electronically, sensors are combined in parallel to each other, and measurements are taken one sensor at a time, but the setup does not need to be changed. A parallel combination is implemented by using RF switches at the input and output of these sensors. This system becomes a multi-sensor network for dielectric constant measurement in a wideband spectrum range.





6. Performance Comparison


The comparison of the measured sensor’s performance in case of SUT’s with the literature reported results are shown in Table 3. These results show that the simulated, measured and calculated dielectric constant of solid SUTs are very close to each other. The measured S-parameter results of the perturbed sensor with liquid oil samples are shown in Figure 16. The already reported tunable structures are analyzed in terms of bandwidth, frequency range, applied tuning voltage and type of application. The proposed sensor is significant in terms of giving insight as a new structure of tunable sensors.



Various applications of varactor-loaded structures include tunable circuits using varactor-loaded transmission lines (TLs) and permittivity sensors for solid and liquid materials. The S-band tunable sensor of solids and liquids [12] shows a notch depth of approximately −15 dB, while the proposed measured sensor has a relatively deeper notch depth of −17 to −24 dB for various tuning voltages. A performance comparison of the proposed sensor with the reported literature sensor’s measured results are shown in Table 5. This comparison shows that the proposed tunable sensor exhibits a broader tunable bandwidth using a relatively low voltage range. So, a varactor diode can be used to change the capacitance associated with the resonant structure, thus making it tunable by using applying appropriate reverse bias voltage.





 





Table 5. Performance comparison with studies reported in the literature.






Table 5. Performance comparison with studies reported in the literature.





	
Reference No.

	
Frequency (GHz)

	
Tunable (Bandwidth)

	
Tuning Voltage

	
Application Type






	
[14]

	
4.76 and 112

	
Dual

	
–

	
Sensor




	
frequency

	
(Solids)




	
[23]

	
3.65 and 7.38

	
Dual

	
–

	
Sensor




	
frequency

	
(Liquids)




	
[18]

	
0.5–1

	
Yes

	
0–28 V

	
Tunable TL




	
(500 MHz)




	
[19]

	
1.25–1.85

	
Yes

	
0–14 V

	
Tunable TL




	
(600 MHz)




	
[13]

	
0.83–1.58

	
Yes

	
0–36 V

	
Dielectric




	
(750 MHz)

	
Sensor




	
[12]

	
2.7–3.1

	
Yes

	
0–28 V

	
Sensor




	
(400 MHz)

	
Solids and Liquids




	
This Work

	
1.795–3.1504

	
Yes

	
0–20 V

	
Sensor




	
(1354 MHz)

	
Solids and Liquids









Related Work


This work has proposed a different sensor structure from other related sensors which have mostly SIW, SRR and CSRR structures [24,25,26,27]. Related work of dielectric constant sensors is shown in Table 6. This tunable sensor solves the unit cell resonators close proximity problem of mutual coupling by tuning resonance frequency achieving multi-frequency operation. Multiple resonators need to be isolated [11] to decrease mutual coupling; thus, they have an increased size, but this is a single metamaterial-based sensor. For multi-resonant elements, the MUT needs to be placed one by one, and the testing process takes a long time due to this multi-resonator geometry. The proposed tunable sensor alleviates this need by changing the test frequency in the tunable bandwidth of 1354 MHz, which is much wider than the previous designs summarized in Table 6. For the case involving liquid samples, a special sample holder has to be placed on every resonator. The severity of this problem increases for multi-element liquid testing. The proposed sensor also gives a solution to this issue, and once a liquid sample is poured, multi-frequency testing is completed.



The sensors reported in [14,23,28] have resonators to exhibit two fixed resonance frequencies for sensing application, while the passive sensor’s [27] resonance frequency values cannot be changed during measurement. The reported sensor can be tuned to any frequency within the bandwidth using DC voltage, and its resonance frequency can be changed during measurements. This new sensor with series varactor configuration has shown increased bandwidth as compared to previous reported active sensors [12,13,24,25,26]. So, this single compact resonator design can be applied as an improved wideband tunable sensor in a variety of dielectric measurement applications.





7. Conclusions


A planar varactor-loaded tunable sensor for L and S-bands has been demonstrated. The proposed sensor is based on a new resonator in series with a varactor, which allows the testing of a test specimen at multiple frequencies. The proposed design configuration is used to realize a compact sensor, as it does not need multiple resonators for multi-frequency testing. A close matching has been observed between the S-parameters measurements of the unloaded sensor and those obtained using the ADS and CST simulations. A characteristic formula or empirical relationship is presented for the calculation of dielectric constant of solid and liquid test specimen. The applicability of the proposed RF sensor is shown by the closed matching of published data and calculated permittivity results. An enhanced tunable bandwidth of 1.354 GHz in the resonance frequency range from 1.795 to 3.15 GHz can be used for measurement of the solid dielectric materials. The proposed sensor can also act as a biosensor for liquid material characterization. The metamaterial-based tunable resonator design using varactor diodes can also be utilized for various applications in the microwave industry like modulators, phase shifters, filters and oscillators.
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Appendix A


Abbreviations, variables and symbols used in this article are listed in Table A1.





 





Table A1. Table of variables and symbols.






Table A1. Table of variables and symbols.





	Variable
	Description
	Variable
	Description





	   ε r   
	Relative dielectric constant
	tanD
	Tangent delta or loss tangent



	MTL
	Microstrip transmission line
	Fr
	Sensor’s resonance frequency



	a
	Width of ground plane cut
	b
	Length of ground plane cut



	c
	Vertical gap between arms
	d
	Horizontal gap between arms



	e
	Width of connecting slit
	f
	Length of resonator arms



	g
	Width of resonator arms
	Via Dia.
	Connecting via diameter



	Cc
	DC decoupling capacitor
	Ls
	Series inductance DC to MTL



	Cm
	Mutual capacitance MTL and resonator
	Lr
	Resonator inductance



	Cp
	Varactor parallel capacitance
	Lv
	Via inductance



	Cr
	Resonator capacitance
	Rs
	Varactor series resistance



	Ct
	Varactor tunable capacitance
	Rr
	Resonator resistance



	L
	MTL inductance
	Vs
	Varactor tunable voltage
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Figure 1. (a) Isometric view of varactor-loaded tunable sensor, (b) Bottom close-up view of sensor structure. 
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Figure 2. Top view of sensor with varactor and DC feed network. 






Figure 2. Top view of sensor with varactor and DC feed network.



[image: Jsan 13 00008 g002]







[image: Jsan 13 00008 g003] 





Figure 3.   S 21   simulation results of sensor with and without tuning varactor. 
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Figure 4. (a) Equivalent circuit of MTL, resonator and varactor, (b) comparison of circuit model and 3D simulation. 
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Figure 5. Group delay simulation of sensor with Air MUT from 1.762 to 3.105 GHz by changing   V s   = 0 to 20 V. 
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Figure 6. (a) Simulation results of sensor by tunning ‘  C t  ’, (b) Resonance frequency vs. capacitance ‘  C t  ’ of sensor with ‘Air MUT’. 
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Figure 7. (a) E-field of sensor with Air MUT at 1.762 GHz, (b) E-field of sensor with Air MUT at 3.105 GHz. 
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Figure 8. Relationship of notch depth (  S 21  (dB)) with loss tangent. 
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Figure 9. Measurement of sensor dimensions: front and back view. 
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Figure 10. Fabricated sensor front and back side. 
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Figure 11. Measurement setup of sensor using Aligent’s E8363B Network Analyzer. 
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Figure 12. Comparison of circuit-simulated, 3D-simulated and measured results of bare sensor for    V s  = 20   V. 






Figure 12. Comparison of circuit-simulated, 3D-simulated and measured results of bare sensor for    V s  = 20   V.



[image: Jsan 13 00008 g012]







[image: Jsan 13 00008 g016] 





Figure 16. Measured results of sensor in case of oil samples for    V s  = 20   V. 
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Table 1. Structural parameters of the proposed sensor.
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	Parameter
	Value (mm)
	Parameter
	Value (mm)





	Epsilon r
	4.3
	Copper Height
	0.017



	Substrate Length
	35
	Substrate Width
	30



	Substrate Height
	0.8
	Line Width of   λ ∖  4
	0.34



	Trace Width
	1.9
	Length of   λ ∖  4
	21.8



	a
	7
	b
	7



	c
	1.5
	d
	3



	e
	1
	f
	6



	g
	5
	Via Dia
	0.4










 





Table 2. Equivalent circuit values of sensor circuit.
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	Parameter
	Value
	Parameter
	Value





	Cc
	10 pF
	Ls
	0.45 nH



	Cm
	2.4184 pF
	Lr
	0.699 nH



	Cp
	0.075 pF
	Lv
	0.375 nH



	Cr
	0.6765 pF
	Rs
	5.41  Ω 



	Ct
	0.23 pF
	Rr
	1342  Ω 



	L
	3.7 nH
	Vs
	0–20 V










 





Table 3. Comparison of dielectric measurements of standard substrates.
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SUTs

	
Resonance Frequency (GHz)

	
Dielectric Constant (   ε r   )




	
Simulated

	
Measured

	
Calculated

	
Reported






	
Air (  f o  )

	
3.105

	
3.1516

	
1

	
1.00059




	
RT5880

	
2.983

	
3.0614

	
2.201

	
2.2




	
RO4003C

	
2.874

	
2.9962

	
3.22

	
3.38




	
RO4350B

	
2.866

	
2.9816

	
3.486

	
3.48











 





Table 4. Dielectric measurements of oil samples.
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Oil Samples

	
Measured Resonance

Frequency (GHz)

	
Dielectric Constant (   ε r   )




	
Calculated

	
Reported






	
Air container

	
3.1506

	
1.01

	
1.00059




	
Almond

	
3.015

	
3.05

	
3.03




	
Olive

	
3.0176

	
3.00

	
3.08




	
Sunflower

	
3.0136

	
3.08

	
3.11




	
Coconut

	
3.013

	
3.09

	
3.12











 





Table 6. Summary of related work.






Table 6. Summary of related work.





	
Reference No.

	
Type (Active/Passive)

	
Operating Frequency

	
Bandwidth

	
Resonant Element

	
Application






	
[28]

	
Passive

	
1.3 and 2.6

	
Dual

	
Dual-band

	
Sensor




	
Band

	
Antenna

	
(Liquids)




	
[26]

	
Active

	
2.9 GHz

	
310 MHz

	
CSRR

	
Tunable




	

	

	

	

	

	
Sensor




	
[25]

	
Active

	
2.85 GHz

	
450 MHz

	
SRR

	
Tunable TL




	
[24]

	
Active

	
2.8 GHz

	
800 MHz

	
CSRR

	
Sensor




	
(Liquids)




	
[27]

	
Passive

	
5–6 GHz

	
1000 MHz

	
SIW

	
Sensor




	
(Liquids)
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