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We propose and experimentally demonstrate a multi-frequency nonlinear coupling mechanism

between split-ring resonators. We engineer the coupling between two microwave resonators

through optical interaction, whilst suppressing the direct electromagnetic coupling. This allows for

a power-dependent interaction between the otherwise independent resonators, opening interesting

opportunities to address applications in signal processing, filtering, directional coupling, and

electromagnetic compatibility. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861388]

Frequency interaction forms the core of nonlinear

optics1 and has been thriving since the advent of lasers,

which gave access to signal powers sufficient to exploit the

relatively weak optical nonlinearities. At the same time,

microwave engineering has employed complicated circuitry

with active devices to realise nonlinear interaction in the ra-

dio and microwave domains.2 However, the interacting fre-

quencies must usually obey fixed relationships determined

by conservation of photon energy, as in three-wave-mixing

and harmonic generation, or be linked through mechanical

degrees of freedom of the scattering medium, as exploited in

Raman and Brillouin scattering.

In this Letter, we create an arrangement allowing inter-

action between waves of arbitrary frequencies, which is

achieved by introducing an additional coupling mechanism

to impose artificial interaction between otherwise independ-

ent elements. Our “meta-atom” is based on a split-ring reso-

nator (SRR),3 which became the prominent workhorse4 for

microwave metamaterials,5–7 available in numerous varieties

and implementations.8 To achieve a compact resonance and

to avoid bianisotropy9 that complicates the response,10 we

utilise the broadside-coupled SRR design.11

Being brought together, SRRs demonstrate a significant

mutual coupling,12,13 resulting in a rich spectrum of magne-

toinductive waves,13,14 specific bulk properties,12,15 and

strong boundary effects in finite samples.16,17 While this cou-

pling proves to be quite useful for application in magnetoin-

ductive devices,18 imaging techniques,19–21 tunable

(reconfigurable) metamaterials,22 and for design of nonlinear

schemes,23 it is also of interest to realise a system where

direct linear interaction is suppressed, while the strength of

indirect mutual coupling is a nonlinear function of power.

To achieve this goal, we provide an additional interac-

tion mechanism between the SRRs with the use of optical

feedback (Fig. 1). Indeed, efficient optical tunability of the

SRR response has already been reported in the terahertz24–28

and microwave29,30 domains; in particular, photodiodes

(PDs) have been implemented to control the focusing proper-

ties of SRR arrays and to impose non-trivial competing

nonlinearities.31

We now take an important step forward and provide a

scheme where SRRs are actively involved in the optical con-

trol, serving as both receivers and sources of optical radia-

tion. Our design comprises two varactor-loaded SRRs, which

are arranged to be orthogonal to each other (Fig. 1). With

this geometry, the symmetry of the arrangement ensures

there is no electromagnetic coupling between the two resona-

tors. However, one of the SRRs is controlled by a PD, and

the other is equipped with a light-emitting diode (LED),

positioned so as to provide efficient optical interaction

between the LED and the PD. At low power of the electro-

magnetic signal launched into the LED-SRR, there is insuffi-

cient voltage rectified by the varactor to light up the LED, so

there is no interaction between the SRRs. At higher power,

the LED is lit and the emitted light is absorbed by the PD,

providing a voltage across the varactor, thus changing its ca-

pacitance, which directly affects the resonance frequency of

the PD-SRR. The higher the power, the brighter the LED,

and the larger the voltage provided by the PD, causing a

stronger change in the varactor capacitance. Thus, the reso-

nant frequency of the PD-SRR is directly controlled by the

FIG. 1. Conceptual representation of photo-coupling in metamaterials: One

resonator is capable of emitting light when excited with a microwave signal,

while the other one has light-sensitive circuitry which affects its resonance.
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signal power in the LED-SRR, despite having no direct elec-

tromagnetic coupling between the two.

Furthermore, the designed SRR pair has a strong polar-

isation sensitivity. Indeed, when the pump wave is polarised

so that the magnetic field is along the LED-SRR axis, the

maximal current is excited and the LED is brightly lit,

imposing the resonance frequency shift in the other SRR, as

described above. However, for an orthogonal polarisation

the LED-SRR is not excited at all, and no resonance shift is

induced regardless of the pump power.

To demonstrate the efficiency of such coupling, we have

fabricated an experimental prototype realised with this

scheme (Fig. 2). Each “meta-atom” is a broadside-coupled

SRR with copper strips (1 mm width) printed on the two

sides of an FR4 substrate (1 mm thickness). The two rings

which constitute each SRR are identical; however, one of the

SRRs is smaller then the other, so that the smaller one fits

inside the larger one (Fig. 2(a)). The smaller SRR has an

inner radius of 5 mm and the larger one of 6.05 mm. Each

ring of the SRR has a 1 mm gap, and an additional 0.5 mm

gap where SMV1405 varactors (Skyworks) are mounted. In

the smaller SRR, the varactors are biased by a pair of BPW-

34-S photodiodes (Opto Semiconductors). In the larger SRR,

the varactors provide rectification, feeding the BL-L314URC

LED (Betlux Electronics). Shunting between the varactors

and PDs/LED was provided using 22 nH chip inductors

(LQG18HN22NJ00D, Murata), to decouple the photo-

components from the high-frequency microwave signals.

For the measurement of the resulting optically coupled

SRR pair, we have designed two symmetric microstrip loop

antennas. The antennas were positioned in perpendicular

planes and located in such a way that each antenna is only

coupled to one of the rings in our element (see Fig. 2(b)),

because the magnetic coupling to the other is cancelled due to

symmetry reasons. In the configuration shown in Fig. 2(b), the

LED-SRR is excited by the side antenna, which is connected

to a signal generator (HP E8257D) through a signal amplifier

(HP 83020A). The PD-SRR is probed by the upper antenna,

connected to an Agilent PNA E8362C vector network analy-

ser (VNA) to measure the reflection coefficient. All the

experiments on the optical coupling were performed in the

dark to prevent parasitic illumination of the PDs.

To check the power dependence, we rotated the SRR

pair to achieve maximum excitation of the LED-SRR (at

90�), and measured the reflection spectra from the PD-SRR

as a function of the power launched onto LED-SRR. The

results, presented in Fig. 3(a), demonstrate a significant fre-

quency shift of 18 MHz when the power is increased to

33 dBm. Note that the frequency shift is not observed until a

threshold at approximately 22 dBm, as lower power does not

generate sufficient voltage to light the LED. The results are

confirmed with complete circuit calculations of our design:

In Fig. 3(b), we present the experimental dependence of the

frequency shift as a function of power, compared with the

circuit calculations.

FIG. 2. Fabricated prototype of a “meta-atom” assembled as an optically

coupled SRR pair; and a photograph of the experimental setup for studying

power dependence and varying incident polarisation.

FIG. 3. Power dependence of the optically coupled SRR response. (a)

Reflection spectra measured by the probe antenna at various power levels

(see the inset) supplied to the pump antenna; (b) dependence of the fre-

quency shift of the PD-SRR depending on the power launched into LED-

SRR, experiment (squares) and simulation (solid curve).
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For the circuit simulations, we have used the nonlinear

equivalent circuit of an SRR, reported earlier.31 The SRR

itself has been represented by the self-inductance, capaci-

tance, and resistance, and further loaded by a varactor. To

represent the SMV1405 varactor, the corresponding SPICE

model has been used. To find the appropriate linear parame-

ters of the SRRs, we performed linear circuit simulations at

low power, with the initial guess value for the SRR capaci-

tance estimated analytically.5 Next, we performed nonlinear

circuit simulations for the power from 0 dBm to 35 dBm in

1 dB steps. As a result, we obtained the voltage rectified by

the varactors in the LED-SRR as a function of frequency for

different power levels. When the power reaches 22 dBm, the

voltage rectified by the varactors exceeds 1.5 V, sufficient to

light up the LED. At the power of 35 dBm the voltage is

over 2.2 V, which makes the LED quite bright. The light

from the LED shines onto the PD, which in turn imposes a

voltage across the varactors in the PD-SRR, shifting its reso-

nance frequency. The estimated frequency shift is of the

order of 20 MHz.

To confirm the polarisation sensitivity, we performed an

experiment with a fixed pump power of 32.5 dBm while

gradually rotating the SRR pair between the positions with

the LED-SRR orthogonal to the pump antenna (at / ¼ 0�)
and parallel to it (at / ¼ 90�). As expected, the LED was not

lit at 0� and no resonance shift was detected, while the

gradual change of polarisation angle towards 90� resulted in

the displaced spectra (Fig. 4(a)) with the resonance shift

varying with angle in accordance with the expected propor-

tionality to cos/, as shown in Fig. 4(b).

The designed meta-atom opens non-standard opportuni-

ties to impose an optical control mechanism over microwave

signals. For example, a chain of such elements supports two

initially independent magnetoinductive waves with orthogo-

nal polarisations, which can propagate along the chain with-

out direct interaction: one of the waves only drives the

sequence of PD-SRRs while the other one only drives the

sequence of the LED-SRRs. However, by varying power of

wave transmitted with the LED-SRR polarisation, we will

launch an optical feedback onto the chain of PD-SRRs and

thus alter its dispersion characteristics despite the lack of

coupling between the two subsystems in the linear regime.

This feedback mechanism can be attractive for applications

in signal processing and filtering, as well as for tuning and

sensing.

In summary, we have designed and experimentally

implemented a meta-atom with nonlinear interaction

between microwave signals via an optical channel. Our

approach allows interaction to be imposed between other-

wise independent signals with arbitrary frequencies, and

therefore significantly widens the range of nonlinear proc-

esses possible in such optically-coupled systems.
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