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Abstract

It has been suggested a method for identifying and separating magnetic and electric microwave resonance responses in conductive chiral elements by reflection of electromagnetic waves in the standing and traveling-wave modes. It has been observed experimentally (in waveguide) and confirmed numerically (in free space) that magnetic resonance, which is excited by microwave magnetic field h, and electric resonances, excited by electric field E, show drastically different resonance curves of reflection. These distinctions allow to identifying the magnetic resonance response and using magnetically excited elements for broadband matching of absorbers instead of traditional quarter-wavelength layer. We have fabricated and tested matched absorbing metastructures which are controlled by voltage as well by light of remote laser pointer.
1. Introduction

The interest in chiral media on bases of chiral elements, which are much less than wavelength, is mainly due to the unique effects caused by resonant ring (closed) currents. These currents can be induced in elements by the microwave magnetic field h (magnetic excitation, h-exc.) or by electric field E (electric excitation, E-exc) or simultaneously by E- and h-fields. The current induced by magnetic field h creates the ac magnetic and electric dipole moments; the magnetic moment contributes to permeability (, while the electric moment contributes to the chirality parameter affecting the magnetic induction. When the ring current is induced by electric field E, the magnetic and electric dipole moments are formed. But in this case, the electric moment contributes to permittivity ( and magnetic moment contributes to chirality parameter affecting the electric induction. In addition, in chiral elements the electric field can induce resonant currents, which cause the resonance effects analogously to ordinary dipoles. The resonance effects caused by the ring currents will be called the “ring resonance” (RR); by “magnetic response” “magnetic resonance” (MR) we shall mean magnetic excitation (h-exc.) of RR; by “electric response” or “electric resonance” (ER) we shall mean electric excitation (E-exc.) of RR. The resonance effects excited by the dipole currents will be called the “dipole resonance” (DR). 
Separating different resonance effects is important to identify MR which is used for creation of artificial magnetic materials and left-handed media. Whereas multitude of resonance effects in various conductive elements and difficulties in direct measurement of permeability and permittivity [1], it is necessary to develop methods for identifying the type of excitation. 
The available identification methods are based on studying transmittance T spectra [2, 3]. These methods require additional special samples or evanescent waveguide structures. 
This paper proposes to identify magnetic and electric excitation by reflection in free space or in waveguide in the standing-or traveling modes by the features observed in the dispersion characteristics. The disclosed features open a new aspect of the absorption problem, specifically, the possibility of broadband compensation of frequency-dependent reflections from traditional absorbing composites based on resistive threads or films. Array of h-excitated elements, placed closely to absorber, is used for broadband matching instead of traditional quarter-wavelength layer. In this case metastructures absorber/elements acquire new functional possibility as voltage (or light) fast control of matching through tuning MR if elements are loaded with varactor (or varactor in combination with photodiode). 
2. Chiral elements and metastructures for waveguide measurements 
Fig. 1a shows photos of investigated samples: 1 –double split ring (DSR), 1* -capacitance-loaded DSR, 1^ -varactor-loaded DSR; 2 –twice split one ring (TSR), 2* - two capacitance-loaded TSR, 2^ - two varactors-loaded TSR, 3 –1.5 turn planar spiral (Sp). Diameter of rings is the same and equal to 6.6 mm. To achieve voltage tuning MR we solder MA46H120 (MACOM) varactor in additional gap in the outer ring of DSR and being gaps of TSR. To achieve light controlled MR the voltage bias for the varactor is produced by a photodiode VD which operates in photoconductive mode as is shown in Fig.1f. 
Photodiodes can be operated in two different modes: 

Photovoltaic mode: the illuminated photodiode generates voltage for the varactor [4]. Photoconductive mode: a reverse voltage is applied to the diode (i.e., a voltage in the direction where the diode is not conducting without incident light) and measures the resulting photocurrent.
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The photocurrent is linearly proportional to the illuminance. Photodiodes exhibit their fastest switching speeds when operated in the photoconductive mode.
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In the case of voltage control amplitude-frequency resonance response depends on bias voltage for varactor. In the case of light control amplitude-frequency response depends on bias voltage when light illuminates diode. Without light resonance effects in rings do not depend on reverse voltage which is applied to the diode. 
Some photos of metastructures with broadband matching are presented in Fig. 1b (absorber/DSR), 1c (absorber/TSR), 1d (absorber/ array of Sp), 1e (absorber/varactor-loaded TSR). 
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We used P2-58 (3-5.5 GHz), P2-59 (5.3-7.6 GHz) and P2-61 (7.5-12.5 GHz) voltage standing wave ratio meters and a one channel method for measuring reflection R in a rectangular waveguide: the standing-wave mode with a 

metal plug and the traveling-wave mode with a matched load. Split ring is placed at the center of rectangular waveguide with a cross section of 48 x 24; 35 x 15; and 23 x 10 mm in different orientations relative to the components of the incident electromagnetic field (Fig. 1f, Fig. 2a). 

3. Identifying magnetic resonance

We particularly analyze identifying MR and ER by DSR because the resonance excitation in the DSR was thoroughly investigated analytically and numerically, for example, in [5, 6].

Fig. 2 demonstrates results of measurement (in rectangular waveguide) and simulation (in free space) for DSR. In Fig. 2a the ring resonance (RR) excitation type is indicated for each investigated DSR orientation (1 – 4). In the standing-wave mode, for the DSR located on the metal plug, i.e., in the antinode of magnetic field h, in orientation 1 (h-exc.), the resonance minimum of the reflection Rm is observed, which vanishes in the minimum of field h when the DSR is located at a distance of s = from the plug. At s = resonance is observed in orientation 4 (E –exc.) in the maximum of field E and vanishes at s =0 in the minimum of E. This simple method for separating the magnetic and electric excitations requires samples that are small relative to the wavelength, so that the sample will not be affected by an electric (magnetic) field in its antinode.
In the traveling-mode, resonance effects manifest themselves in the form of a resonance dip in the frequency dependences of transmission, which corresponds to resonance maximum in the reflection curve. Such curves are typical of composites consisting of randomly located resonance elements. However, in the case of oriented chiral elements, in the case of oriented chiral elements, including single ones, the resonance reflection curves are more complex: along with the resonance maximum, one can observe the related resonance minimum whose position depends on the type of excitation. At the electric excitation, the resonance minimum is observed at higher frequencies than the resonance maximum. Under magnetic excitation, the resonance minimum is observed at lower frequencies; in this case, from the side of higher frequencies relative to the maximum the reflection slowly decreases, remaining fairly large in a certain frequency range. In addition, during magnetic excitation, the reflection phase changes smoothly and passes through zero at the resonance frequency, in contrast to its stepwise change under electric excitation. 
The measured frequency dependences of reflection R in the RR region in the traveling-wave mode are shown in Fig. 2b. We can see that the frequency dependences of R are drastically different at different orientations. Along with the resonance maxima at frequency fmax = 6.3 GHz, there are resonance minima at frequencies that are lower at the magnetic excitation (h-exc.) and higher at the electric excitation (E-exc.): fmin,h-exc. = 6 GHz, and fmin,E-exc.= 6.5 GHz. In orientation 2, both h-exc. and E-exc. can take place; then, the R curve contains spread minima. Orientation 3 does not allow RR excitation, and the R curve does not demonstrate the resonance effect. Fig. 2c demonstrates that magnetic resonance (MR) excited by h-field remains features of R with tuning by use of capacitance –loaded DSR.
The curves obtained numerically for absolute value and phase of R also have distinguishing features (Fig. 2d). The shape of the resonance R curve significantly depends on the excitation, in contrast to the resonance dip of transmission.
Below we show that these features are confirmed for inclusions in the form of twice split one ring TSR (Fig. 2e –simulation, Fig. 3 – experiment)  and 1.5 turn planar spiral (Fig. 4 – experiment).
Twice split ring (TSR): Ring resonance RR can be excited in orientation 1 and 2 by h-field (MR h-exc) and tuned by use of capacitance-loaded TSR; by voltage in varactor-loaded TSR; and light in photoconductive mode with varactor/photodiode-loaded TSR. Fig. 2e shows calculated frequency dependences of R in orientation 1: MR at frequency about 13 GHz with resonance minimum at lower frequency and DR at frequency about 16 GHz with resonance minimum at higher frequency. The MR is tuned with variation of capacitance and remains its features. Fig. 3 demonstrates measured frequency dependences of R (traveling-wave mode) and Rm (standing-wave mode) in orientation 1 in the MR region for TSR (Fig. 3a), 1 pF-loaded TSR (b), and varactor-loaded TSR (c), as well varactor-photodiode-loaded TSR (d). 
Array of 1.5 turn planar spirals.  
Measured frequency dependences of reflection are presented in Fig. 4 in dependence of spirals orientation. We see resonance effects at about 4.2 GHz (Fig. 4a). In orientation 1 along with the resonance maximum one can see the resonance minimum at lower frequencies that corresponds to magnetic excitation of RR, while in orientation 4 resonance minimum is observed at higher frequencies that corresponds to electric excitation of RR. In the standing-wave mode, for the Sp located on the metal plug, in orientation 1  the resonance minimum of the reflection Rm is observed, which vanishes in the minimum of field h when Sp. are located at a distance of s = from the plug.
One more resonance effect is observed in orientation 1 at 11.5 GHz (Fig. 1b). This resonance possesses features of E-excitation: resonance minimum is observed at higher frequencies from maximum in traveling-wave mode and in standing-wave mode resonance minimum of the reflection Rm is observed, when Sp. are located at a distance of s = from the plug and vanishes at s = 0. That is dipole resonance which is excited by field E.
The difference between the frequency characteristics makes it possible to identify the type of excitation and separate the magnetic and electric resonance responses for inclusions of different shapes.
4. Controlled matching of absorbers
The disclosed features in the frequency characteristics of R under magnetic excitation (smooth phase variation at the large value kept above the resonance frequency) open a
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possibility of broadband compensation of frequency-dependent reflections from traditional absorbing composites based on resistive threads or films with ensured equal values of antiphase reflections from the composite and the adjacent grating of resonance elements excited by the magnetic field of the wave above their resonance frequency. 
Such metastructures were fabricated from absorbing composites, (length is 80 – 90 mm, transmission is more than 30 dB) containing layers of carbon paper with a thickness of 0.07 mm and ' = 15and foamed polystyrene with thickness of 1, 2 and 4 mm and ' = 1.02. The R values of metastructures were measured in a waveguide in comparison with free absorbers without resonance elements.
Fig. 5 shows simulation results of metastructures and a possibility of matching of absorber with reflection decrease by DSR-grating (Fig. 5a), by TSR-grating (Fig. 5b) in magnetic resonance (MR) region. Fig. 5b shows also that frequency dependence of R changes by use of capacitance of 0.018 pF in gaps of TSR. In this case MR tunes and conditions of matching are changed. 
The results of the R –measurement are presented in Fig. 6a, b, c, d for metastructures absorber/DSR. In Fig. 6a we see frequency dependences of free absorbers 1, 2. 3 in comparison with relative metastructure 1^, 2^ and 3^ which
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show broadband matching of absorbers (decrease of R more than 15 dB) and perfect matching at certain frequency. One
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can control matching by use of capacitance-loaded DSR (Fig. 6b). Fig. 6c shows voltage controlled matching by use of varactor-loaded DSR. Fig. 6d demonstrates light (red laser pointer, 7 klx) controlled matching by varactor/photodiode-loaded DSR in photoconductive mode. In Fig. 6d we see absorber matching without light around 6.2 GHz which does not depend on reverse voltage for diode. With light change of amplitude-frequency response appears with dependence of reverse voltage; there is difference between amplitude-frequency response under 5V and 15 V. 
We observe effect of matching with metastructure absorber/ array of magnetically excited planar spirals too (Fig. 7).
Fig. 8a,b,c demonstrates the R–measurement for metastructures absorber/TSR. Fig. 8a corresponds to 0.1 pF-loaded TSR. One can see effect of matching for metastructure 2^ and 3^, containing absorbers 2 and 3 with magnetically excited TSR. Fig. 8b, c show voltage (by use of varactor-loaded TSR) and light controlled matching (by varactor/photodiode-loaded TSR) under reverse voltage of 6V for diode. Thus, suggested method of absorber matching has been verified numerically and confirmed by measurement with different absorbing metastructures.
5. Conclusion

The disclosed features in the frequency reflection characteristics of the magnetic and electric microwave responses make it possible to reveal the magnetic response for inclusions of different shapes, which is not only useful for the development and application of metamaterials with artificial magnetism and left media, but also opens a new aspect of application of the magnetic response for voltage and light fast controlled broadband compensation of reflections from absorbing composite materials. 
References

[1] D. R. Smith, S. Schultz, P. Markos, and C. M. Soukoulis, “Determination of effective permittivity and permeability of metamaterials from reflection and transmission coefficients”, Phys.Rev. B., Vol. 65, 195104-1 – 195104-5, 2002.
[2] N. Katsarakis, T. Koschny, M. Kafesaki, E. N. Economou, and C. M. Soukoulis, “Electric coupling to the magnetic resonance of split ring resonators”, Appl. Phys. Lett., Vol. 84, No.15, 2943 – 2945, 2004.
[3] Galina Kraftmakher,  “New realization and microwave properties of double negative material”, Int. J. of Applied Electromagnetics and Mechanics, Vol. 19, No. 1-4, 57 - 61, 2004.
[4] I. V. Shadrivov., P. V. Kapitanova, S. I. Maslovski, and Yu. S. Kivshar, “Metamaterials controlled with Light”, Phys.Rev. Lett., Vol. 109, 083902, 2012.
[5] R. Marques, F. Medina, R. Rafii-El-Idrissi, “Role of bianisotropy in negative permeability and left-handed metamaterials”, Phys.Rev. B, Vol. 65, 144440, 2002.

[6] B. Sauvias, S.R. Simovski, S.A. Tretyakov, “Double split-ring resonators: Analytical modeling and numerical simulations”, Electromagnetics, Vol.24, 317 – 338, 2004.

� EMBED Origin50.Graph  ���


�


�


� EMBED Origin50.Graph  ���





�





Figure 2: (a) Different orientations of DSR, which determine different type of ring resonance RR; (b) Measured reflection R at different DSR orientations in RR region; (c) Measurement results of R of 1 pF and 0.1 pF - loaded DSR; (d) Simulation of DSR, (e) – Simulation of TSR: 2 -0.018 pF, 3 -0.035 pF, 4-0.07 pF. 5-0.14 pF
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Figure 2: Continuation (d, e)
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Figure 1: Continuation





b





�





�


                                                                                                   


�








�





a





�





�





�


� EMBED Origin50.Graph  ���





� EMBED Origin50.Graph  ���� EMBED Origin50.Graph  ���





�





�


� EMBED Origin50.Graph  ���


� EMBED Origin50.Graph  ���





Figure 4: (a) Measured frequency dependences of R of Spirals array at orientations 1, 4 in the traveling-wave mode (R) and standing-wave mode (Rm) in the RR region; (b) R and Rm in the DR region





Figure 3: (a) Measured frequency dependences of R (traveling mode) and Rm (standing –wave mode) of TSR in MR region; (b)  R for 0.1 pF-TSR; (c)  Rm for varactor-loaded TSR; (d) Rm for varactor-photodiode-loaded TSR (photoconductive mode)





Figure 6: Measured frequency dependences of reflection R: (a) Metastructures absorber/DSR (1^, 2^, 3^) in comparison with free absorbers (1, 2, 3); (b) Metastructure with 0.1 and 1 pF-loaded DSR; (c) Metastrucrure with varactor-loaded DSR; (d) Metastructure with varactor-photodiode-loaded DSR. Comparison with free absorbers
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Figure 7: Measured frequency dependences of R for metastructure absorber/array of planar spirals. Comparison with free absorber
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Figure 8: Measured frequency dependences of reflection R: (a) Metastructure absorber/0.1 pF-TSR (1^, 2^, 3^) with comparison of free absorber (1, 2, 3); (b) Metastrucrure with varactor-loaded TSR; (c) Metastructure with varactor-photodiode-loaded TSR. Comparison with free absorbers
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Figure 1: Samples for measurements in waveguide; (a) 1-DSR, 1^-varactor-loaded DSR, 1*-capacitance-loaded DSR; 2-TSR, 2*-capacitance-loaded TSR, 2^- varactor- loaded TSR; 3- Sp 


(b) Metastructure absorber/DSR, (c) Metastructure absorber/TSR, (d) Metastructure absorber/array of Sp, (e) Voltage controlled metastructure absorber/varactor-loaded TSR; (f) Scheme of measurement of light controlled reflection for varactor-loaded TSR in combination with photodiode (photoconductive mode); resistanse R1=100 k(, R2 =10 k(
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Figure 5: Calculated frequency dependences of reflection R in free space in the MR region. Comparison with free absorber for the metastructure absorber/periodic grating of (a) DSR, (b) TSR and 0.018 pF-loaded TSR, 
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