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Abstract — We suggest new planar meta-structures “ferrite late — varactor-loaded resonant element”
that provide voltage tunable nonreciprocity of micowaves transmission in contrast to traditional
magnetic control. The effect is observed by tuningiaractor capacitance with changing reverse-bias
voltages under the ferromagnetic resonance excitath near the varactor-loaded element resonance
frequency. Wide tuning range has been obtained witmonreciprocity 19 dB between 5.4 and 5.9 GHz.
Presented meta-structures are useful for developménf quick-tunable nonreciprocal systems.

[. INTRODUCTION

Last time of special interest is the study of vpétdunable varactor-loaded metamaterials. Manyigatidns
along with [1] are devoted to voltage tuning thrbulge voltage controlled varactor capacitance. dssiunique
effects are observed, for example, nonlinear magtedtric coupling [2] and nonlinear optical adijMi3]; there
are no natural materials with such properties.his presentation for the first time we demonstratéiage
tunable nonreciprocal resonance response at migesnsa contrast to traditional control methods bggmetic
field. Previously we investigated nonreciprocal mowave resonance response and non-additive prepertth
complex planar meta-structures containing ferritatep and grating of resonant elements forming serfa
plasmon-polaritons. In papers [4] and [5] it wasowh that such planar meta-structures exhibit giant
nonreciprocity in the transmission at the ferron@gnresonanceFMR) frequencies at certain values of the
static magnetic field under conditions of a mutual influence betweenRMR and grating resonance while
nonreciprocal resonance effects are absent with fieerite. The nonreciproc&MR is due to the interaction
between precessing spins in ferrite and a localneiag field h of the surface wave with elliptic (circular)
polarization formed by a grating (chains or singdsonant element). The nonreciprocdyis the difference
between transmission coefficients corresponding to the opposite directions of magatbn H+ and H-
(opposite senses of spin precession)is the difference between transmission coeffitsi§ for propagating
modes in the opposite directions.

Here we demonstrate in a rectangular waveguide et@gand electric control of transmission nonreadity
by both fieldH and small direct-current voltagag,c with “ferrite plate - varactor loaded split-ringheta-
structure. Wide tuning range has been obtainedvetbovaractor-loaded split-butterfly dipole.

Il. INVESTIGATED META-STRUCTURES
EvoLUTION OF RESONANCERESPONSEWITH STATIC MAGNETIC AND ELECTRIC FELDS

Investigated meta-structure contains a plate dfapic yttrium-iron garnet 3YO; 5Fe,0O; (30 x 20 x 1.4
mm) and copper twice split ring loaded with voltatppendent nonlinear capacitance as varactor BEEg§71).
The varactor capacitance can be tuned between @ua@B.65 pF by changing reverse-bias voltaggsfrom 1
V to 30 V. Meta-structure is arranged along thetamgular waveguide axis in a transverse exterralcst
magnetic fieldH and oriented parallel to the narrow side wall. Etioh of amplitude-frequency resonance
response (transmission coeffici@itis investigated in dependence on the magnitudgplied fieldH under the
magnetization reversal and in dependence on rewéaisesoltaged/pc.
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Applying H field theFMR is excited and shifte higherfrequencies withH field increase.
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Fig. 1. Meta-structures: (a) “ferrite plate 1—ae@tors 3-loaded twice split-ring 2", substrateR4,= 100 K2, 1=18
mm, 7= 1.5 mm, d = 3 mm; (b) “ferrite plate — varactor-loaded sglipole butterfly”.
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Fig.2.  Frequency dependences of the transmissiefiident T in a rectangular waveguide, curves fbt (bold)
andH- (thin) correspond to different directions of magnetization

(a) metastructures(= 3mm),H=0, Vpc = 0 (dash-dot)H = 500 OeVpc = 0 (solid),H = 500 OeVpc = 20 V (dot);
(b) ferrite without rini, nonreciprocity is abse!

In Figure 2 we see evolution of resonance respaitsemeta-structure (distange= 3mm) applying a static
magnetic fieldH = 500 Oe and voltagépc =20 V. WhenH = 0, Vpc.= 0 theFMR is not excited but we see
resonance response at 4.2 GHz (dash-dot curvejoduaractor-loaded split-ring resonandeR). UnderH =
500 Oe, when thEMR is excited at about 3 GHz, tiRR is observed at 4.6 GHz, tiRR frequencyshift is Afy
= 0.4 GHz with changing value of th¢ field from 0 to 500 Oe. Besides, nonreciprocitypegrs at thdRR
frequencies, level of resonant curve underHhethin curve) and undet+ field (bold curve) is not the same,
nonreciprocityd = T(H+) — T(H-) is 15 dB. NonreciprocaRR can be tuned by changing the biasing voltage
Vpe. Changing thé&/pc from 0 to 20 V theRR frequency shifts to 5.25 GHz (dot curve) andRiR frequency
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shift Afpc = 0.65 GHz. The fieldd is much less then the field (1150 Oe) necessatlydBMR excitation aRR
frequency.
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Fig. 3.  Bifurcation. Evolution of frequency dependen Fig. 4. Evolution of frequency dependence of
of the nonreciprocityy with changingVpc unders = 3 mm: the nonreciprocitywith changingVpc unders=0:
Vpc=0 V (bold);Vpc=20 V (dot) Vpc=0 V (bold);Vpc=20 V (dot)

With further increase of thiteld H whenmoving FMR approaches thBR first position one can observe
bifurcation effect. In this case the second ringpr&ince RR*) is excitedlower than the first position and we
observe two separate nonreciprocal resonarRBg @ndRR*) with opposite signs of the nonreciprociyat
different frequencies. In Fig. 3 we see nonrecijtyod corresponding to bifurcation situation under tie¢dfH =
900 Oe. In this case thRg is excited at 5.4 GHz aiRR* is excited at 3.4 GHz. Two resonances can be tuned
simultaneously by changing varactor biasing volt&yechanging th&/pc from 0 to 20 V the shifAfpc (RRg) =
0.29 GHz and the shifAf*pc (RR*g) = 0.27 GHz. In this time transmission at fAiEIR domain (around 4.5
GHz) is nonreciprocal but tHeMR frequency is not practically tuned by changingamésVpc

With decreasing the distanseoupling between ferrite and ring increases aedsthift Af,, increases. In this
case the nonreciproci# also increases. Fig.4 corresponds to 0. The shiftAfy = 1.1 GHz with changing
from 0 to 500 Oe; the nonreciprocify= 19 dB and the shififpc = 0.53 GHz by changingpc from 0 to 20 V.

[1l. CONCLUSION

So, the electrical tunability of nonreciprocif microwaves transmission by tuning varactor capace has
been demonstrated in waveguide with meta-structongaining a transversely magnetized ferrite amdractor-
loaded split-ring under interaction between preiogsterrite’s spins and a magnetic field of the edormed by
the ring. Wide tuning range has been obtainedwidovaractor-loaded split-butterfly dipole.
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